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ABSTRACT OF THE DISSERTATION

Identification and functional analysis of an essential daughter bud assembly complex

in the parasite Toxoplasma gondii

by

Rebecca Pasquarelli Rios
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2024

Professor Peter John Bradley, Chair

Toxoplasma gondii is a single-celled obligate intracellular parasite which is estimated to
infect 30% of the global human population. While T. gondii infections are typically asymptomatic
in healthy individuals, they can cause life-threatening complications in immunocompromised
individuals and congenitally infected neonates. As current treatments are toxic and do not clear
the lifelong chronic infection, a deeper understanding of parasite biology is needed to identify
novel targets for therapeutic intervention. As a member of the phylum Apicomplexa, T. gondii
contains several unique organelles which play critical roles in facilitating the parasite’s lytic cycle,
which causes the acute phase of disease. One of these unique apicomplexan organelles is the
inner membrane complex (IMC), which lies directly underneath the parasite’s plasma membrane
and is composed of a series of flattened vesicles supported by an underlying cytoskeletal network.
The IMC plays essential roles throughout the T. gondii lytic cycle by serving as the platform for
the molecular machinery that controls parasite motility, stabilizing the apical complex which
facilitates host cell invasion, and acting as a scaffold for developing daughter cells during parasite

replication.



T. gondii replicates using a unique form of internal budding called endodyogeny, in which
two daughter buds are formed within the cytoplasm of a single maternal cell. Endodyogeny can
be divided into four steps: bud initiation, elongation, constriction, and maturation. During this
process, IMC components are added to the developing daughter cell scaffold in a tightly
regulated, sequential manner. While many of the components of the IMC are known to be
important for parasite fithess, most are maintained in mature parasites and play critical roles in
other phases of the lytic cycle besides replication. Several IMC proteins have been identified
which are found only in the IMC of daughter buds, but most are dispensable or have only
moderate impacts on parasite fithess. The identification of IMC32, a daughter-specific IMC protein
which recruits during bud initiation and is essential for endodyogeny, led us to hypothesize that
other unidentified daughter-specific IMC proteins coordinate with IMC32 to lay the foundation of
the daughter cell scaffold.

Here, we report the discovery of an essential daughter bud assembly complex which lays
the foundation for the daughter IMC in T. gondii. Using proximity labelling and protein-protein
interaction screens, we identify two novel proteins, IMC43 and BCCO, as binding partners of
IMC32. We analyze the function of each of these proteins using conditional knockdown systems
which reveal that both IMC43 and BCCO are essential for endodyogeny. We additionally use
deletion analyses and functional complementation to identify which regions of IMC43 and BCCO
are essential for localization and function. By employing pairwise yeast two-hybrid assays, we
determine which regions of IMC32, IMC43, and BCCO are involved in complex formation. Finally,
we assess how loss of each complex component affects each of the others. These data allow us
to develop a hierarchical model for complex assembly in which BCCO depends on IMC32 for its
localization during bud initiation, and IMC32 in turn depends on IMC43 for its localization later
during bud elongation. Together, this work expands our understanding of how nascent daughter
buds are assembled during endodyogeny and yields ample opportunities for future studies into

the function and regulation of these essential proteins in both T. gondii and other parasites.
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Chapter 1:

Introduction



1.1 Toxoplasma gondii is an important human pathogen

1.1.1 Prevalence and transmission

Toxoplasma gondii is an obligate intracellular parasite which can infect nearly any
nucleated cell within any warm-blooded animal [1]. Most T. gondii infections are acquired by
ingesting an encysted form of the parasite [2]. First, ingestion of raw or undercooked meat derived
from a Toxoplasma-infected animal can result in infection from tissue cysts, which contain
hundreds of T. gondii parasites surrounded by a hardy cyst wall. Another infectious form of the
parasite is oocysts, the result of the parasite’s sexual cycle which occurs in the gut of its definitive
host, members of the Felidae family. Oocysts are shed in the feces of these animals and can be
accidentally ingested through contaminated food or water, or through the care of domestic cats.
Due to their protective bilayered wall, oocysts can persist and remain infectious in moist
environments for up to a year [3]. Once tissue cysts or oocysts are ingested, they are released
within the gut where they first infect epithelial cells and then disseminate throughout the body by
infecting leukocytes in the circulatory system [4]. In addition to oral transmission, T. gondii can be
transmitted vertically from a pregnant woman to her developing fetus. This can only occur when
the mother acquires a primary T. gondii infection during pregnancy, allowing the parasite to travel
through the circulatory system and cross the placenta prior to the development of a protective
immune response [5].

Currently, it is estimated that approximately 30% of the global human population is
infected with T. gondii [6,7]. Prevalence in specific countries varies greatly depending on factors
such as climate, diet, and sanitation. Countries in the Far East including South Korea and Japan
have the lowest seroprevalence of less than 10%, whereas countries in South America and Africa
which have tropical climates, such as Costa Rica and Nigeria, have seroprevalences greater than

70% [6]. Since infection is often acquired through ingestion of raw or undercooked meat, countries



that incorporate these foods into their diets tend to have higher rates of infection. For example,
seroprevalence in France is estimated at 54%. In the United States, prevalence is relatively low
at 11%. Given its high prevalence, global distribution, and wide range of host species, T. gondii

is considered to be the most successful parasite in existence.

1.1.2 Clinical manifestations and treatment

The clinical manifestations and health outcomes for a T. gondii infection vary depending
on the route of infection and immune status of the host [2]. For healthy adults and children who
acquire the infection orally, the acute infection typically consists of mild flu-like symptoms such as
fever, aches, and lymphadenopathy. During this phase of the disease, a rapidly replicating form
of the parasite called tachyzoites disseminates throughout the body by infecting leukocytes in the
circulatory system [8]. These symptoms typically resolve on their own within weeks as the body
mounts a protective immune response against the pathogen, resulting in the destruction of most
tachyzoites [9]. However, a small percentage of tachyzoites avoid immune clearance by
differentiating into a slowly replicating form called bradyzoites, which form hardy tissue cysts
within muscle and brain tissue [10]. These tissue cysts can persist for many decades, resulting in
lifelong chronic infection. In healthy individuals, the chronic infection is typically asymptomatic,
although in rare cases the parasite can invade the eye (a site of immune privilege) and cause
tissue destruction, a condition called ocular toxoplasmosis [11]. This most often occurs in the
elderly due to a waning immune response, or in individuals who have a genetic predisposition
linked to HLA type, polymorphisms in toll-like receptor genes, or altered expression levels of
certain cytokines [12]. If left untreated, ocular toxoplasmosis can lead to retinal scarring or
blindness [11].

While Toxoplasma infection in immunocompetent individuals usually does not pose a

serious risk, immunocompromised individuals experience potentially fatal disease due to the



body’s inability to clear tachyzoites. This can occur either when an already immunocompromised
person acquires a primary infection, or when a previously healthy person with a chronic infection
becomes immunocompromised later in life, causing the parasite to recrudesce by converting from
the bradyzoite form to the tachyzoite form [13]. Toxoplasmosis is best known for causing severe
disease in patients with acquired immunodeficiency syndrome (AIDS). In these patients,
replication of tachyzoites in neural tissue can lead to the formation of lesions in the brain leading
to toxoplasmic encephalitis, which is fatal if left untreated. While the incidence of AIDS has
declined greatly in recent decades due to the success of antiretroviral therapies, toxoplasmic
encephalitis is still the leading cause of brain lesions in patients with HIV [14]. Another high-risk
group which has even worse outcomes are solid organ, bone marrow, or hematopoietic stem cell
transplant patients. In these patients, the parasite is often disseminated throughout the body
rather than being primarily restricted to the central nervous system, and mortality ranges from 38-
67% even with treatment [15].

Another group which can experience serious or life-threatening disease are neonates who
become infected in utero due to vertical transmission. Neonates are at risk of becoming infected
if their mother either acquires a primary infection during pregnancy or becomes
immunocompromised during pregnancy, resulting in reactivation of a chronic infection [16]. While
75% of infected newborns are subclinical at birth, 14-85% of these patients develop complications
months or years later [5]. The classic triad of congenital toxoplasmosis is chorioretinitis,
intracranial calcifications, and hydrocephalus. In severe cases, neonates can additionally exhibit
fever, hepatosplenomegaly, jaundice, convulsions, and abnormal cerebrospinal fluid. Clinical
manifestations of congenital toxoplasmosis vary greatly depending on how early in development
the infection is acquired. Neonates who become infected during the first trimester experience the

most severe disease and are at increased risk for spontaneous abortion, while those infected



during the second or third trimester have a higher rate of survival and typically experience less
severe complications [17].

Currently, there is no vaccine to protect against T. gondii infection and no treatments exist
that can clear the chronic infection. Acute infections can be treated using drugs that target the
folate pathway involved in DNA synthesis. The most commonly used therapy for toxoplasmosis
is pyrimethamine, which targets the dihydrofolate reductase enzyme, combined with
sulfonamides, which target the dihydropteroate synthetase enzyme [15]. Since these drugs target
both parasite and human enzymes, they cause severe side effects due to myelotoxicity. However,
these effects can be significantly reduced by addition of folinic acid. This treatment regimen can
additionally be prescribed for women who become infected during pregnancy, but is teratogenic
and thus cannot be used during the first trimester [18,19]. In Europe, Canada, and Mexico, women
diagnosed with a new T. gondii infection during the first trimester are treated with spiramycin to
prevent transmission to the developing fetus. However, it is still considered an experimental drug
in the United States and requires special permission from the Food & Drug Administration [20].
Furthermore, spiramycin is ineffective for established congenital infections due to its inability to
cross the placenta [15]. Therefore, early diagnosis is crucial for preventing disease in these
patients. Together, T. gondirs high global prevalence, serious disease in vulnerable populations,
and lack of preventative and curative therapies underscores the need for a deeper understanding

of apicomplexan biology.

1.2 Toxoplasma gondii is an apicomplexan parasite

1.2.1 The phylum Apicomplexa
T. gondii is a member of the Apicomplexa, a phylum of over 6,000 protozoan parasites

[21]. Al members of the phylum are obligate intracellular parasites which undergo a lytic cycle



(host cell invasion, intracellular replication, and egress) during one or more stages of their life
cycles. Other important human pathogens within the phylum include species within the genera
Plasmodium and Cryptosporidium. Plasmodium spp. are the causative agents of malaria, which
is endemic in 84 countries and caused over 600,000 deaths in 2021 [22,23]. Cryptosporidium spp.
are the second leading cause of moderate to severe diarrhea in infants, leading to growth stunting
[24,25]. The phylum also includes several important veterinary pathogens which cause economic
loss in the livestock industry. These include Eimeria spp. which causes chicken coccidiosis and
Neospora caninum which causes abortion in cattle [26—28]. Historically, most apicomplexan
parasites have been difficult to study due to a lack of in vitro culture systems and inability to
achieve stable transfection. T. gondii is highly experimentally tractable and has a robust set of
molecular tools for genetic and functional analysis, making it an excellent model system for

studying less tractable apicomplexan parasites [29,30].

1.2.2 Morphological features of apicomplexan parasites

The defining feature of the Apicomplexa is the apical complex, an assemblage of structural
and secretory elements at the apex of the cell which facilitates the process of host cell invasion
(Figure 1-1) [21]. The T. gondii apical complex consists of multiple components: the apical polar
ring, conoid, and two preconoidal rings [31]. The apical polar ring serves as a microtubule
organizing center from which an array of 22 subpellicular microtubules originate. The conoid sits
atop the apical polar ring and is a hollow, barrel-shaped structure made of tubulin filaments. The
preconoidal rings sit apical to the conoid, and within the conoid there are an additional two
interconoidal microtubules.

The apical complex serves as the site of exocytosis for proteins involved in parasite motility
and host cell invasion [32,32,33]. These proteins are held within specialized apicomplexan

organelles called micronemes and rhoptries [34]. Micronemes are small organelles which



accumulate in the cytoplasm towards the apical end of the cell. These organelles contain
transmembrane adhesin proteins which are released onto the surface of the parasite plasma
membrane by exocytosis upon initial contact with a host cell [35]. Microneme proteins facilitate
gliding motility by attaching to both the host cell plasma membrane and the parasite’s actin-
myosin motor, which is called the glideosome. The rhoptries are club-shaped organelles which
are tethered to the apex of the cell. After a parasite attaches, the rhoptries release a series of
proteins which form the moving junction, a ring-shaped structure through which the parasite
travels as it invaginates the host cell plasma membrane during invasion [36]. In addition to serving
as an anchor for the parasite to penetrate the host cell, the moving junction serves as a molecular

sieve which strips host cell proteins off the plasma membrane as the parasite invades, rendering

Intraconoidal microtubules
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Apical complex
Conoid

Apical polar ring
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Subpellicular microtubules

Inner membrane complex
Subpellicular network
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Figure 1-1. Cellular structure of Toxoplasma gondii. A) Transmission electron micrograph showing a
single intracellular T. gondii tachyzoite. Key structural features and organelles are labelled. Am =
amylopectin granule; Co = conoid; Dg = dense granule; Go = Golgi apparatus; Mn = microneme; No =
nucleolus, Nu = nucleus; Pv = parasitophorous vacuole; Rh = rhoptry. Reprinted from Dubey et al. 1998.
B) Diagram of a T. gondii tachyzoite. Key structural features and organelles are labelled. Adapted from
Katris et al. 2014.




the resulting parasitophorous vacuole nonfusogenic due to its lack of host cell receptors [37]. After
invasion is complete, a third wave of secretory proteins are released from the dense granules to
facilitate vacuolar remodeling and modulation of the host cell [38].

In addition to secretory organelles, another unique feature of apicomplexans is a non-
photosynthetic plastid called the apicoplast which primarily functions in the biosynthesis of
isoprenoids, fatty acids, and heme. [39]. The apicoplast is surrounded by four membranes and
contains a 35 kB circular genome. Therefore, it is believed to be derived from a secondary
endosymbiotic event in which an ancestral eukaryote engulfed and retained another eukaryote
that had previously engulfed a photosynthetic prokaryote [40]. Despite the fact that it has its own
genome, most apicoplast-localizing proteins are nuclear-encoded and must be transported to the
organelle via the secretory pathway. Due to its prokaryotic origins and essential functions, the
apicoplast is an ideal target for therapeutics [41,42].

Finally, another unique feature of the apicomplexans is the inner membrane complex
(IMC), a peripheral membrane system which lies beneath the parasite plasma membrane. The
IMC is composed of two structures: a series of flattened vesicles called alveoli and an underlying
cytoskeletal network composed of intermediate filament-like proteins called alveolins [43]. While
this structure is referred to as the IMC only in the apicomplexans, the alveoli are the defining
feature of Alveolata, the superphylum encompassing the apicomplexans as well as the free-living
dinoflagellates and ciliates [44]. The IMC plays crucial roles throughout the life cycles of these
parasites by stabilizing the apical complex, serving as the platform for the glideosome, and acting
as a scaffold for developing daughter cells during parasite replication [43]. The structure and

function of the IMC in T. gondii will be discussed in detail in Section 1.3.



1.2.3 Cell division in apicomplexan parasites

Apicomplexan parasites replicate asexually using a variety of unique budding mechanisms
in which the IMC acts as a scaffold for nascent daughter buds. Across all forms of apicomplexan
cell division, the daughter IMC is assembled adjacent to the centrosome and grows in an apical
to basal direction [45,46]. The various modes of apicomplexan cell division are defined as either
internal or external budding mechanisms. The key feature that distinguishes internal budding
mechanisms from external budding mechanisms is the time at which the maternal cytoskeleton
is degraded [47]. Parasites which replicate using external budding mechanisms degrade the
maternal cytoskeleton immediately after host cell invasion [48]. During internal budding, on the
other hand, the maternal cytoskeleton is maintained throughout the process of cell division and is
only degraded just before the emergence of nascent daughter buds (Figure 1-2) [49].

The two forms of internal budding employed by apicomplexan parasites are endodyogeny,
in which two daughter buds are formed within the cytoplasm of a single maternal cell, and
endopolygeny, in which more than two buds are formed. Endopolygeny can further be divided

into two forms: endopolygeny with karyokinesis, in which the nucleus is divided after each DNA

Figure 1-2. T. gondii replicates by endodyogeny. A) Transmission electron micrograph showing two
intracellular T. gondii tachyzoites dividing by endodyogeny. Each parasite contains two nearly mature
daughter buds. Scale bar is approximately 1um. Reprinted from Striepen et al. 2000. B) Phase contrast
and immunofluorescence assay (IFA) showing two dividing T. gondii tachyzoites, each containing two
nearly mature daughter buds stained with antibodies detecting the alveolin IMC6. Scale bar = 2um.




replication cycle, or endopolygeny without karyokinesis, in which the maternal cell maintains one
large polyploid nucleus until the final round of DNA replication is complete [47]. Most parasites
within the subclass Coccidia (excluding Eimeria spp.) use both endodyogeny and one of the forms
of endopolygeny at different stages of their life cycles. These include T. gondii as well as parasites
from the genera Hammondia, Neospora, Besnoitia, Cystoisospora, and Sarcocystis. For example,
T. gondii divides by endodyogeny in intermediate hosts and endopolygeny with karyokinesis in its
definitive host prior to entering its sexual replication cycle [47,50]. The process of endodyogeny
in T. gondii tachyzoites will be discussed in detail in Section 1.4.

The most well-studied form of external budding is schizogony in Plasmodium spp. During
schizogony, the maternal cell undergoes multiple rounds of DNA replication followed by nuclear
division, with the final round of nuclear division being paired with the budding of all nascent
daughter cells off of the maternal plasma membrane simultaneously [47]. The number of buds
produced by schizogony varies greatly depending on the life cycle stage and species of
Plasmodium. For example, blood-stage P. falciparum produces 8-32 buds per round of
schizogony, whereas liver-stage P. falciparum can produce up to 90,000 [51,52]. In addition to
Plasmodium spp., schizogony is also employed by parasites in the genera Eimeria and
Cryptosporidium [53,54]. Some species of Babesia and Theileria employ other forms of external
budding referred to as “binary fission,” which produces two daughter cells, and “multiple fission,”
which produces four daughter cells [47,55].

The ability of apicomplexan parasites to produce such a large number of daughter cells
per round of cell division is due to their unique bipartite centrosome which enables separate
regulation of the nuclear and budding cycles [46,56]. The inner core of the centrosome, marked
by CEP250-L1, is positioned close to the nuclear membrane in contact with the centrocone, a
specialized nuclear pore complex through which the mitotic spindle is formed. Together, the

centrosome inner core and centrocone form a complete spindle pole complex which facilitates
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karyokinesis with an intact nuclear membrane, a process called closed mitosis [57-59]. The outer
core of the centrosome, marked by the centrin protein Cen1, is positioned adjacent to the inner
core but farther from the nuclear membrane. The function of the outer core is to initiate budding.
The inner and outer core are both duplicated during each nuclear cycle, but the outer core only
becomes activated during the budding cycle [46]. In parasites that undergo endodyogeny, the
nuclear and budding cycles occur simultaneously. However, in parasites that produce more than
two daughter buds through either endopolygeny or schizogony, multiple nuclear cycles occur

independently before the budding cycle is activated.

1.3 The Toxoplasma gondii inner membrane complex

1.3.1 Structure of the inner membrane complex

The IMC of T. gondii lies directly underneath the parasite’s plasma membrane and is
comprised of two layers (Figure 1-3). The first layer is a series of vesicles called alveoli which are
flattened against the interior of the plasma membrane [60]. The alveoli are rectangular in shape
and are arranged in a quilt-like pattern with the edges of adjacent alveoli tightly sutured together.
At the apex of the parasite, a single cone-shaped vesicle called the apical cap encircles the apical
complex. Some proteins that associate with the alveoli are integral membrane proteins containing
one or more transmembrane domains, such as the glideosome components GAP40 and GAP50
[61]. Others, such as ISP1-4 and the glideosome component GAP45, are tethered to the
membrane by lipid modifications such as palmitoylation or myristoylation [62-64]. The second
layer is a mesh-like network of intermediate filament-like proteins called alveolins, which is
referred to as the subpellicular network [65]. The alveolins are a family of 14 proteins (IMC1 and
IMC3-15) which are defined by the presence of a conserved proline and valine-rich alveolin

domain [44,66]. Additional detergent-insoluble proteins such as PHIL1, ILP1, and many other IMC
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proteins associate with the subpellicular network via protein-protein interactions [67-69]. The IMC
is further divided into three subdomains: the apical cap, IMC body, and basal complex, which will
be discussed in Section 1.3.2.

Underneath the IMC there is an array of 22 highly stable subpellicular microtubules
(SPMTs) which originate from the apical polar ring and extend towards the basal end of the
parasite, ending at approximately two-thirds the length of the cell [70]. Freeze-fracture electron

microscopy studies have shown that the cytoplasmic-facing side of the alveoli is dotted with
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Figure 1-3. The inner membrane complex of T. gondii. A) Transmission electron micrograph showing
the positioning of the IMC underneath the plasma membrane of T. gondii. Inset shows the boxed region
zoomed in. Credit: Josh Beck, Bradley Lab. B) Diagram showing the structure of the IMC. C) Diagram
showing the organization of the subpellicular microtubules, subpellicular network, and alveoli in a T. gondii
tachyzoite. IMC = inner membrane complex. PM = plasma membrane. SPN = subpellicular network.
SPMTs = subpellicular microtubules. Adapted from Katris et al. 2014.
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intramembranous particles (IMPs) which are arranged in rows that stretch longitudinally along the
entire length of the parasite [71]. While most of the IMPs are arranged in single rows, there are
22 double-rows which are separated with 32 nm periodicity, which matches the periodicity of the
22 subpellicular microtubules. Thus, the IMPs are hypothesized to be involved in tethering the
subpellicular microtubules to the alveoli. Cryogenic electron tomography studies in Plasmodium
sporozoites have also demonstrated the existence of protein linkers with 32 nm periodicity
spanning between the IMC and subpellicular microtubules [72]. It has been hypothesized that the
IMPs are either a component of the IMC-SPMT linker or the site at which they dock to the alveoli.
The protein composition of the IMPs and linkers has not been definitively proven, although recent
studies have demonstrated that depletion of the integral alveolar protein GAPM1a leads the
SPMTs to become disorganized and subsequently depolymerized [73]. GAPM proteins have been
shown to form oligomeric complexes that associate with components of both the glideosome and
the subpellicular network [74]. Together this data supports the hypothesis that GAPM proteins are
part of the IMPs and/or IMC-SPMT linkers, although further studies are needed to definitively

prove this.

1.3.2 Subdomains of the inner membrane complex

Within the IMC there are three distinct subdomains: the apical cap, IMC body, and basal
complex (Figure 1-4). Each subdomain has distinct protein components and functions. The apical
cap is defined by the cone-shaped vesicle at the apex of the parasite. The proteins ISP1 and
AC1-13 have been shown to localize to the IMC only in this region [62,67,75-78]. Interestingly,
restriction to the apical cap region is not only seen in membrane-associated proteins. The alveolin
IMC11 as well as the detergent insoluble proteins AC9 and AC10 localize to the apical cap,
demonstrating that the IMC subdomains exist even within the subpellicular network. Proteins

within this region have been shown to be important for host cell invasion [66,75,78].
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The central body portion of the IMC contains many proteins with diverse functions
including most of the alveolins, ISP2-4, and components of the glideosome [62,64,66]. Smaller
subregions within the IMC body appear to be delineated by the alveoli, as ISP2 and 4 localize to
only the top two-thirds of the IMC body [62]. In addition to the proteins which localize to the entire
IMC body, some proteins localize specifically to the junctions between the individual alveolar
plates, termed the IMC sutures. The proteins ISC1-7 localize to both the longitudinal and
transverse sutures, whereas the proteins TSC1 (also called CBAP or SIP) and TSC2-5 localize
only to the transverse sutures [67,79-81]. The S-acyltransferase DHHC14 also localizes to both
the longitudinal and transverse sutures, but only in daughter buds [82]. Interestingly, the sutures
are defined not only by the alveoli but also the subpellicular network underlying the sutures. While
ISC3, ISC6, TSC5, and TSC6 all contain transmembrane domains which tether them to the
alveoli, 1ISC1, ISC2, ISC4, ISC5, and TSC1-4 are all firmly associated with the cytoskeleton
[67,80,81,83]. The suture proteins are thought to be important for physically tethering adjacent
alveoli to each other, ultimately maintaining the structure of the IMC. This is supported by data

showing that disruption of either ISC3 or TSC1 results in aberrant parasite morphology leading to
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(host cell invasion)
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Figure 1-4. T. gondii IMC subdomains. A) IFA showing a single dividing T. gondii tachyzoite stained for
markers of the apical cap (ISP1), IMC body (IMC6), and basal complex (BCC4). B) Diagram depicting the
location and function of the three subdomains of the IMC. C) IFA showing the localization of daughter only
(IMC29), maternal and daughter (IMC1), and maternal only (IMC12) IMC proteins. Scale bars = 2um.
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defects in both in vitro growth and in vivo virulence [80,81,83]. More recently it has been
demonstrated that both the micropore and the apical annuli, structures which are hypothesized to
be involved in endocytosis and exocytosis, respectively, are consistently located at the IMC
sutures [84—-90]. Thus, the suture proteins may play a role in positioning or stabilizing these
structures.

The ring-shaped opening at the basal end of the IMC is termed the basal complex. Unlike
the apical cap, this region of the IMC is not defined by a specific alveolar plate. The basal complex
consists of two distinct components: the basal inner ring (BIR) and the basal inner collar (BIC).
The BIR is directly attached to the IMC, whereas the BIC is separated from the IMC and extends
through the opening of the IMC at the posterior end of the cell where it contacts the plasma
membrane [66]. The alveolins IMC5, 8, 9, and 13 have been shown to localize to the basal
complex. Interestingly, there appear to be additional subregions within the basal complex. The
basal complex marker MORN1 appears at the most apical region of the basal complex. IMC5 and
IMC8 are closely colocalized in a slightly smaller ring just basal to MORN1, and IMC9 and IMC13
are present in an even smaller ring basal to that [91]. The main function of the basal complex is
to act as a contractile ring during cytokinesis, although the molecular mechanism by which this is
achieved remains unclear. The role of basal complex localizing alveolins is also a mystery, as
IMCS5, 8, 9, and 13 are all predicted to be dispensable for parasite fithess [92].

While many proteins localize to only one of the IMC subdomains, this is not the case for
all IMC proteins. For example, IMC39 localizes to both the apical cap and the upper two-thirds of
the IMC body while PHIL1, the glideosome components GAP40/50, and the alveolins IMC1 and
IMC4 localize to the entire IMC [63,66,69,76]. Finally, in addition to localizing to distinct
subdomains, IMC proteins can differ in whether they are present in the maternal IMC, daughter

IMC, or both.
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1.3.3 Functions of the inner membrane complex

The IMC has three critical functions which are essential for all apicomplexan life cycles.
First, it acts as a scaffold for developing daughter buds during cell division. This process will be
discussed in detail in Section 1.4. Second, the IMC is the platform for the glideosome, which is
the actin-myosin motor that powers gliding motility in these parasites. Host cell attachment and
motility are required for both host cell invasion and egress. Thus, ablation of the glideosome is
lethal. The glideosome is anchored in the IMC by GAP40 and GAP50, which are integral
membrane proteins embedded in the membranes of the alveoli, and GAP45, which is tethered to
both the alveoli and the plasma membrane by palmitoylation [63]. These proteins connect to
MyoA, a class XIVa myosin motor, which in turn binds to short actin filaments that are present in
the space between the alveoli and the plasma membrane [61]. When the parasite senses it has
come in contact with a host cell, adhesin proteins secreted from the micronemes are distributed
across the surface of the parasite’s plasma membrane via their transmembrane domains. The N-
terminus of the adhesins is displayed on the surface of the parasite plasma membrane and binds
to receptors on the surface of the host cell. The C-terminal portion interacts with the actin filaments
underneath the parasite’s plasma membrane. The MyoA motor is regulated by its own
phosphorylation and by the light chains MLC1 and ELC1/2, which change conformation in
response to phosphorylation and Ca* binding, respectively [93-95]. Movement of the myosin
motor translocates the actin filaments in an apical-to-basal direction, propelling the parasite
forward along the surface of the host cell.

In addition to the classical GAP40/GAP50/GAP45/MyoA glideosome, alternative
configurations exist within the apical cap and basal complex subdomains of the IMC. In the apical
cap, GAP45 is replaced with GAP70 and an additional myosin motor called MyoH associates with
the conoid [32,63]. In the basal complex, GAP80 replaces GAP45 and MyoC acts as the motor

[96,97]. There appears to be significant functional redundancy among these glideosome
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configurations. Disruption of MyoA has been shown to cause MyoC to relocalize to the body of
the IMC. While these parasites exhibit a severe defect in invasion, they remain motile. Disruption
of the basal complex-resident GAP80 has also been shown to be functionally compensated by
GAP45 [97].

While the IMC'’s roles in motility and replication have been known for many years, a third
function for the apical cap subdomain of the IMC was only recently discovered [75,77,78,98,99].
AC9 and AC10, two proteins that are restricted to the subpellicular network underlying the apical
cap, were shown to be essential for stabilizing the apical complex. These studies demonstrated
that AC10 recruits AC9 to the apical cap, which in turn recruits the MAP kinase ERKY. Loss of
any of these three proteins has been shown to cause loss of the conoid and disorganization of
the subpellicular microtubules in maternal cells but not nascent daughter buds. ERK7 has also
been shown to control the localization of the ubiquitin ligase CSAR1, excluding it from the
maternal apical cap until daughter buds reach maturation [100]. The prevailing model is that AC9
and AC10 serve as a scaffold to hold ERK7 in place in the apical cap, allowing it to exclude

CSAR1 from this region, ultimately preventing the premature degradation of the apical complex.

1.4 Endodyogeny in Toxoplasma gondii

1.4.1 Sequential recruitment of daughter IMC proteins

As discussed in Section 1.2.3, the human-infecting form of T. gondii divides asexually
using a mode of internal budding called endodyogeny in which the IMC acts as a scaffold for two
developing daughter buds. During endodyogeny, components of the IMC are synthesized and
added to the developing daughter cell scaffold sequentially in a “just in time” manner [101]. The
process of endodyogeny occurs in four steps: bud initiation, elongation, constriction, and

maturation (Figure 1-5). Centrosome duplication marks the initiation of budding, at which point
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the apical complex begins to form and several IMC proteins are added to the newly formed
daughter buds, including the alveolin IMC15, the daughter IMC proteins IMC29, IMC32 and
BCCO, the apical cap proteins AC1/5/9/10, the ubiquitin ligase FBXO1, and the basal complex
components BCC3/4 [49,66,67,75-78,102—-104]. These proteins are trafficked to the IMC by the
GTPase Rab11b [105]. During bud initiation, the nascent daughter buds appear as two small rings

just adjacent to the centrosomes. The daughter bud conoids are anchored to the outer core of the
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Figure 1-5. Sequential recruitment of IMC proteins during endodyogeny. A) Diagram showing the
process of a single T. gondii cell dividing by endodyogeny. B) Timeline showing the sequential recruitment
of proteins to the developing daughter cell scaffold. Each node represents the approximate point at which
each listed protein is recruited relative to the stages of endodyogeny depicted in panel A. C) Magnified
diagram of the daughter cell scaffold during the bud elongation stage of endodyogeny. Key structures are
labelled. SPMTs = subpellicular microtubules. IMC = inner membrane complex. Diagrams in panels A and
C are adapted from Gubbels et al. 2020.
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centrosome by a fiber composed of polymerized striated fiber assemblin proteins [106].
Interestingly, at this point IMC32 and BCCO are present in a series of five distinct puncta which
are arranged symmetrically around the daughter bud ring [103,104]. The basis of this five-fold
symmetry remained a mystery until a recent study demonstrated that during bud initiation, the 22
subpellicular microtubules originally appear as five bundles of microtubulesina4 +4 +4 +4 +6
configuration [107,108]. While IMC32 and BCCO have not been colocalized with these early
microtubule bundles, it seems likely that their shared symmetry might indicate a functional
relationship. Finally, while MORN1 is expressed and visible in the centrocone throughout the cell
cycle, it only recruits to the nascent daughter basal complex at the end of bud initiation [58,103].

After bud initiation is complete, the daughter buds begin to elongate in an apical-to-basal
fashion, driven by polymerization of the subpellicular microtubules [109]. During this stage the
daughter bud becomes dome-shaped and the apical cap, IMC body, and basal complex
subdomains of the IMC are better resolved. At the very start of bud elongation when the daughter
bud scaffold is still very small, a group of proteins including the membrane-associated proteins
ISP1/3, the apical cap proteins AC2/3/4/6, the sutures proteins ISC1-4/6 and TSC5, the
glideosome components GAP40/50, and the daughter IMC-associated protein IAP3 are recruited
[49,62,67,76,83]. IAP3 displays a novel localization in which it appears to associate with a small
region on the inner face of each daughter bud which colocalizes with the dividing apicoplast as it
is segregated into each daughter bud [76,110]. The function of IAP3 has not yet been explored,
but its negative phenotype score in a genome-wide CRISPR/Cas9 knockout screen and its
association with the apicoplast at this point in cell division suggests it may play an important role
in tethering the organelle to the daughter IMC to ensure it is properly segregated [92,111]. As the
daughter bud elongates further, more proteins are recruited to the developing IMC. These include
many proteins which are ultimately maintained in the IMC of mature parasites after the completion

of cell division, such as ILP1 and many of the alveolins [62—64,66,67,76,103,112,113]. In addition,
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several proteins which are found only in the daughter IMC are recruited at this point, including the
daughter apical cap proteins AC12/13 and the daughter IMC body proteins IMC16/30/31/34-36
[76,77,114,115]. Finally, late in bud elongation when the daughter buds are close to reaching their
final size, PHIL1 and the alveolins IMC1/4/10/11 are recruited [66,69]. During the process of bud
elongation, the nucleus begins to elongate and become partitioned into the two daughter buds
with the nuclear membrane still intact.

Once the daughter buds are close to reaching their final size, the third phase of
endodyogeny, bud constriction, begins. At this point the basal complex of the nascent daughter
buds becomes smaller in diameter, the nucleus is divided, and all organelles except for the
mitochondrion are packaged into the daughter buds [111]. The molecular mechanism governing
bud constriction remains unclear, but several key players have been identified. Disruption of either
MORN1 or BCC4 has been shown to cause severe defects in growth and morphology including
an inability to separate the basal ends of nascent daughter buds, resulting in the formation of
“multi-headed” parasites [103,116,117]. Loss of the myosin motor Myod or the centrin protein
Cen2 was also shown to result in incomplete bud constriction, but surprisingly this led to only
minor defects in growth [118]. Notably, several proteins which originally recruit to the body of the
IMC are relocalized to the basal complex at a later stage of endodyogeny. The alveolins
IMC5/8/9/13 are recruited to the body of the IMC during bud elongation, transition to the basal
complex during bud constriction, and are retained in the mature basal complex after cell division
is complete [66]. BCC3, on the other hand, initially localizes to the IMC sutures of daughter buds
during bud initiation, transitions to the basal complex during late bud elongation, and is then
removed from the IMC as the buds emerge [103]. The functional relevance of these dynamically
localizing IMC proteins is unclear, as all five of them are likely to be dispensable based on their

phenotype scores [92].
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Once the buds have reached their final size, the maternal IMC, apical complex, and
subpellicular microtubules are degraded, marking the beginning of the final stage of
endodyogeny, bud maturation. As the buds mature, the plasma membrane of the maternal cell is
attached to the IMC of the nascent daughter cells. The process of adopting the maternal plasma
membrane is dependent on the GTPase Rab11A and coincides with the assembly of the
glideosome as GAP45, MyoA, and MLC1 are recruited [61,105]. Other IMC proteins which are
found only in mature parasites, such as the alveolins IMC7/12/14, are added during bud
maturation as well [66,67,76,77,83]. At this stage, the C-terminus of the alveolin IMC1 is cleaved
and the alveolins become cross-linked in a detergent insoluble protein meshwork [119]. The
mitochondrion is also partitioned into the two nascent daughter buds very late in endodyogeny as
the buds begin to emerge [111]. After emergence, the cytoplasm of the two daughter cells remain
connected through the residual body at the basal end of each cell, in which the maternal

cytoskeleton accumulates and is subsequently degraded [100,118].

1.4.2 Regulation of endodyogeny

As discussed in Section 1.2.3, cell division in apicomplexan parasites is coordinated by
the unique bipartite centrosome which consists of an outer core that facilitates the budding cycle
and an inner core that facilitates the nuclear cycle [46]. The separation of the centrosome into two
cores allows these parasites to separately regulate karyokinesis and cytokinesis, therefore
allowing multiple rounds of karyokinesis to occur prior to the initiation of budding [120]. T. gondii
tachyzoites undergoing endodyogeny produce only two buds per round of cell division, thus the
nuclear and budding cycles occur simultaneously. Regardless, the two cycles are still regulated
by different mechanisms.

DNA microarray and single-cell RNA sequencing analysis in T. gondii have demonstrated

that many genes are transcriptionally regulated in a “just in time” temporal manner [101,121]. For
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components of the daughter IMC, their expression typically peaks in S-phase just prior to their
deposition onto the developing daughter cell scaffold. IMC components which are added to the
IMC only during bud emergence typically peak later, towards the end of cytokinesis. The largest
family of transcription factors in apicomplexan parasites are the 67 Apicomplexan Apetala 2
(ApiAP2) proteins [122,123]. Aside from the Apicomplexa, Apetala 2 transcription factors are only
found in plants. Thus, it has been hypothesized that they are of cyanobacterium origin and were
introduced into the Apicomplexa from the secondary endosymbiotic event that produced the
apicoplast.

While most of the ApiAP2 transcription factors have not yet been studied, several have
been linked to cell division in T. gondii. First, DNA synthesis appears to be regulated by AP2XII-
2, as loss of this transcription factor was shown to result in growth defects due to slower
progression through S-phase [124]. AP2XII-2 was also found to associate with the transcriptional
silencers HDAC3 and MORC at the promoters of genes expressed by sexually committed
parasites, but relatively few genes were found to be actively suppressed by this complex [125].
Regulation of the budding cycle during endodyogeny has been shown to be coordinated by
AP2IX-5 [113,126]. Depletion of AP2IX-5 was shown to cause defects in IMC formation and
organelle morphology despite normal centrosome duplication and nuclear division. AP2IX-5 was
also shown to bind to and activate the promoters for hundreds of genes involved in budding,
including the daughter IMC components ISP1 and IMC29. Finally, heterodimers of AP2XI-5 and
AP2X-5 were found to bind to and activate the promoters of genes encoding secretory proteins
which are packaged into the micronemes and rhoptries of nascent daughter buds during S/M
phase [127,128].

Currently, it remains unknown how the correct ApiAP2 transcription factors are activated
or suppressed at the appropriate point in the cell cycle. In most eukaryotic systems, cyclin (Cyc)

proteins bind to and activate cyclin-dependent kinases (Cdk) which then phosphorylate
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transcription factors to modulate gene expression. T. gondii encodes ten Cdk-related kinases
(Crk), eight of which are expressed in tachyzoites and localize to either the cytoplasm or the
nucleus [129]. However, the typical transcription factors such as E2F and RB which are
phosphorylated by Cdks in other eukaryotes are missing from the genomes of apicomplexan
parasites [56]. Thus, it has been hypothesized that ApiAP2 transcription factors may act as Crk
effectors, although no experimental evidence has demonstrated this. Functional analysis of the
Crks and cyclins has suggested that Crk5 controls DNA licensing at the onset of S-phase, Crk4-
Cyc4 controls centrosome duplication, Crk6-Cyc1 controls assembly of the mitotic spindle, and
Crk1-CycL controls budding [129-132].

Several other kinases have been shown to play important roles in centrosome regulation
during endodyogeny. MAPK-L1 has been shown to both prevent overduplication of the
centrosomes and secure the physical connection between the nucleus and the daughter
cytoskeleton [46]. Loss of MAPK2, on the other hand, was shown to cause cell cycle arrest prior
to centrosome duplication [133]. Nek1, a NIMA-related protein kinase, was shown to be required
for separation of the centrosomes after duplication [45]. Interestingly, loss of this protein led to
the formation of a single daughter bud on top of the unseparated centrosomes. Finally, loss of the
calcium-dependent protein kinase CDPK7 has been shown to affect duplication and positioning
of the centrosomes which led to defects in budding [134].

Finally, phosphorylation of proteins that make up the structural foundation of the nascent
daughter buds appears to be important in ensuring proper bud assembly. The aurora kinase Ark3
was shown to exhibit a dynamic localization in which it is absent from mature parasites, recruits
to the outer core of the centrosome during bud initiation, then relocalizes to a small region on the
inner face of the nascent daughter buds during bud elongation, similar to IAP3 [46,76,135].
Despite its localization to the centrosome, depletion of Ark3 did not affect centrosome duplication

or nuclear division. However, Ark3-depleted parasites did exhibit severe defects in budding and
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IMC morphology, suggesting it may regulate IMC proteins during endodyogeny. The plant-like
protein phosphatase PPKL has been shown to enrich at the daughter cell scaffold during
endodyogeny, and its depletion lead to severe defects in IMC morphology and stability of the
subpellicular microtubules despite normal centrosome duplication and nuclear division [136].
Depletion of PPKL also led to increased phosphorylation of the microtubule-associated protein
SPM1, leading to the hypothesis that dephosphorylation of SPM1 by PPKL stabilizes the growing
subpellicular microtubules during endodyogeny. Interestingly, Crk1 was also found to be
differentially phosphorylated in PPKL-depleted parasites, suggesting a functional connection
between these two regulatory proteins. During bud constriction, the basal complex component
MORN1 appears to be regulated by the haloacid dehalogenase (HAD) phosphatase HAD?2a, as
genetic disruption of either protein results in a unique “multi-headed” phenotype in which parasites
fail to separate their basal ends at the completion of endodyogeny [116,117,137]. A similar
phenotype was observed upon pharmacological inhibition of MAPK-L1, and loss of this kinase
was also shown to affect the positioning of the basal complex on nascent daughter buds [46,138].
This could suggest that MAPK-L1 also plays a role in regulating the basal complex, although more

direct investigation will be necessary to explore this.

1.5 Overview of the dissertation

During endodyogeny, IMC components are added to the nascent daughter cell scaffold in
a sequential manner. While many components of the IMC have been identified, most are recruited
after budding has already been initiated and are dispensable for parasite fithess. Several
daughter-specific IMC proteins have been discovered, including the apical cap proteins AC12/13,
the IMC body proteins IMC16/29-36 and BCCO, IAP3, and the basal complex proteins BCC3/4

[66,76,77,79,103,104,114,115]. IMC32 was the first essential daughter IMC protein ever
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identified, and it was only recently reported by our lab [104]. During bud initiation, IMC32 localizes
to a series of five puncta which are arranged symmetrically around the ring-shaped daughter
buds. These five puncta extend into a series of five stripes which extend longitudinally along the
body of the daughter IMC during bud elongation and are removed during bud maturation. The
discovery of IMC32 highlighted the critical importance of early recruiting daughter-specific IMC
proteins in providing the foundation for building the daughter cell scaffold during endodyogeny.
This was further supported by our functional analysis of the early recruiting daughter-specific IMC
protein IMC29. While not essential, IMC29 was shown to be critical for endodyogeny, as its
disruption led to severe defects in IMC morphology and replication rate [76]. The importance of
IMC32 and IMC29 led us to hypothesize that more unidentified, early recruiting daughter-specific
IMC proteins must exist which coordinate with IMC32 and/or IMC29 to lay the foundation of the
daughter cell scaffold. This hypothesis became the focus of this dissertation.

In our studies of IMC29, we performed proximity labelling experiments which identified
several of the daughter IMC proteins mentioned above [76]. We selected one of these genes for
further functional analysis based on its low phenotype score in a genome-wide CRISPR/Cas9
knockout screen, which indicates that it is likely to be important or essential for parasite fitness
[92]. In Chapter 2, we report the identification and functional analysis of this gene, which we name
IMC43 [139]. We demonstrate that IMC43 recruits to the body of the daughter IMC during bud
initiation, and it is essential for parasite replication and survival. Using both proximity labelling and
direct protein-protein interaction screening, we identify 30 candidate IMC43-binding partners and
validate two of them: a novel, dynamically localizing daughter IMC protein which we name IMC44,
and the essential early daughter protein IMC32. Using deletion analyses and protein-protein
interaction assays, we determine that IMC43 contains an essential interaction domain near its C-

terminus which directly binds to both IMC44 and IMC32 and controls both of their localizations.
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As IMC43 and IMC32 are both essential, this work reveals the existence of an essential daughter
bud assembly complex which lays the foundation of the IMC during endodyogeny.

In Chapter 3, we use IMC32 as bait in proximity labelling and protein-protein interaction
screens to identify a third component of this complex: the essential early daughter IMC protein
BCCO, which was additionally identified by Engelberg et al. [103]. We demonstrate that BCCO
localizes to the early daughter cell scaffold with the same five-fold symmetry which we observed
for IMC32. Deletion analyses reveal that only a small region of BCCO is required for its localization
and function. Using protein-protein interaction assays, we demonstrate that the essential domain
of BCCO directly binds to IMC32 at its essential C-terminal coiled-coil domains. We additionally
show that BCCO depends on the presence of both IMC32 and IMC43 for its localization, leading
to a hierarchical model of recruitment. Together, this work identifies an essential daughter bud
assembly complex and dissects its organization and function, revealing how the foundation of the

early daughter cell scaffold is laid during replication of the important human pathogen T. gondii.
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Abstract

The inner membrane complex (IMC) of Toxoplasma gondiiis essential for all phases of the
parasite’s life cycle. One of its most critical roles is to act as a scaffold for the assembly of
daughter buds during replication by endodyogeny. While many daughter IMC proteins have
been identified, most are recruited after bud initiation and are not essential for parasite fit-
ness. Here, we report the identification of IMC43, a novel daughter IMC protein that is
recruited at the earliest stages of daughter bud initiation. Using an auxin-inducible degron
system we show that depletion of IMC43 results in aberrant morphology, dysregulation of
endodyogeny, and an extreme defect in replication. Deletion analyses reveal a region of
IMC43 that plays a role in localization and a C-terminal domain that is essential for the pro-
tein’s function. TurbolD proximity labelling and a yeast two-hybrid screen using IMC43 as
bait identify 30 candidate IMC43 binding partners. We investigate two of these: the essential
daughter protein IMC32 and a novel daughter IMC protein we named IMC44. We show that
IMC43 is responsible for regulating the localization of both IMC32 and IMC44 at specific
stages of endodyogeny and that this regulation is dependent on the essential C-terminal
domain of IMC43. Using pairwise yeast two-hybrid assays, we determine that this region is
also sufficient for binding to both IMC32 and IMC44. As IMC43 and IMC32 are both essen-
tial proteins, this work reveals the existence of a bud assembly complex that forms the foun-
dation of the daughter IMC during endodyogeny.

Author summary

Toxoplasma gondii is an obligate intracellular parasite that causes disease in immunocom-
promised individuals and congenitally infected neonates. Toxoplasma replicates using a
unique process of internal budding in which two daughter buds form inside a single
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maternal parasite. This process is facilitated by an organelle called the inner membrane
complex (IMC) which is found in Toxoplasma and other parasites in the phylum Apicom-
plexa. Although the IMC is known to be required for parasite replication, only a few early-
recruiting IMC proteins have been identified. In this study, we identify and functionally
analyze a novel IMC protein which is one of the earliest components of daughter buds
and plays an essential role in parasite replication. We also identify its binding partners
and demonstrate how their interactions impact the construction of daughter cells. This
work reveals the existence of an essential protein complex formed in the earliest stages of
parasite replication, expands our understanding of the IMC’s role in Toxoplasma replica-
tion, and identifies potential targets for therapeutic intervention.

Introduction

The Apicomplexa are a phylum of obligate intracellular parasites which cause serious disease
in both humans and animals worldwide, leading to significant morbidity and mortality as well
as economic losses [1]. The phylum includes the human pathogens Toxoplasma gondii (toxo-
plasmosis), Plasmodium spp. (malaria), and Cryptosporidium spp. (diarrheal diseases) as well as
the veterinary pathogens Eimeria tenella (chicken coccidiosis) and Neospora caninum (neos-
porosis) [2-6]. T. gondii infects roughly 30% of the global human population [7]. While infec-
tion is typically asymptomatic in healthy individuals, infection in immunocompromised
individuals can lead to fatal encephalitis [8,9]. In addition, congenital toxoplasmosis derived
from a primary maternal infection can cause severe fetal abnormalities and abortion [10].
Existing treatments are restricted to limiting acute disease and are poorly tolerated [9]. Thus, a
deeper understanding of the biology of this important pathogen is critically needed for the
development of therapies based on parasite-specific activities.

The life cycles of apicomplexan parasites depend on a specialized organelle named the
inner membrane complex (IMC), which plays critical roles in motility, host cell invasion, and
parasite replication [11]. In T. gondii, the IMC lies directly underneath the parasite’s plasma
membrane and is composed of two structures: a series of flattened vesicles called alveoli which
are arranged in a quilt-like pattern and a supportive network of intermediate filament-like pro-
teins called alveolins [12,13]. The IMC is further divided into distinct regions such as the
cone-shaped apical cap at the apex of the parasite, a central body portion, and a ring-shaped
basal complex at the basal end of the parasite. Detergent fractionation experiments have
shown that IMC proteins can associate with the alveoli, the cytoskeletal network, or span
between both layers [14-16]. Additionally, IMC proteins differ by their presence in the mater-
nal IMC, daughter IMC, or both [14,16]. Underlying the IMC is an array of 22 subpellicular
microtubules that provide additional structural support for the organelle.

One of the key functions of the IMC is to facilitate parasite replication. Apicomplexans rep-
licate using a variety of different budding mechanisms, all of which rely on the IMC to actas a
scaffold for the developing daughter buds [17,18]. T. gondii replicates asexually by endodyo-
geny, a process of internal budding in which two daughter buds develop within the cytoplasm
of a single maternal parasite. Budding is initiated upon centrosome duplication, which is
quickly followed by the sequential recruitment of IMC proteins to the daughter cell scaffold
(DCS) [14,18-21]. As proteins are added to the DCS, polymerization of subpellicular microtu-
bules underlying the daughter IMC drives elongation of the growing daughter buds [22,23]. In
the final stages of bud maturation, the maternal IMC is degraded and the daughter cells adopt
the maternal plasma membrane and emerge as two separate cells [11].
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The synthesis and recruitment of IMC proteins to the DCS occurs in a “just in time” man-
ner [24,25]. As such, IMC proteins can be categorized by their timing of recruitment. During
bud initiation the daughter IMC proteins IMC29, IMC32, FBXO1, BCCO, and IMC15 are
recruited to the DCS [14,26-29]. IMC32 and BCCO have been shown to be essential for para-
site replication and survival, as their loss leads to an inability to stably assemble the IMC
[27,28]. IMC29 and FBXO1, while not essential, also play critical roles in supporting the orga-
nization and maturation of the daughter IMC during endodyogeny [26,29]. The essential api-
cal cap proteins AC9 and ACI10 also localize to the daughter IMC during bud initiation, but
these proteins are maintained in the maternal IMC and are involved in host cell invasion,
rather than replication [30,31]. After bud initiation is completed, additional proteins such as
ISP1 and the alveolins are added sequentially to the growing buds [14,32]. Though many pro-
tein components of the DCS have recently been identified, the organization, regulation, and
precise function of most of these proteins remain poorly understood.

In this study, we identified and functionally analyzed a novel IMC protein, IMC43. We
determined that IMC43 localizes to the body of the daughter IMC and is recruited during bud
initiation. Using an auxin-inducible degron (AID) approach, we conditionally depleted
IMC43 and showed that loss of the protein results in severe morphological defects, dysregula-
tion of endodyogeny, and loss of overall lytic ability. We then performed deletion analyses
which established that the function of IMC43 is dependent on a small region towards the C-
terminus of the protein. Next, we used IMC43 as bait in both a TurboID proximity labelling
experiment and a yeast two-hybrid (Y2H) screen to identify candidate IMC43 binding part-
ners and provide insight into the precise function of the protein. Two of these proteins, the
essential daughter protein IMC32 and a hypothetical protein we named IMC44, were func-
tionally analyzed in relation to IMC43. These experiments showed that IMC43 is required for
the proper localization of both of its partners and that binding at the essential C-terminal
region of IMC43 is responsible for these interactions. Overall, our work identifies IMC43 as a
foundational component of the early daughter IMC and reveals the existence of an
IMC43-IMC32 daughter bud assembly complex which is essential for parasite replication and
survival.

Results
IMC43 is a component of the early daughter cell scaffold

We have previously conducted proximity labelling to identify novel IMC proteins. In one of
these experiments in which we used IMC29 as bait, we identified the uncharacterized protein
TGGT1_238895 [29]. TGGT1_238895 encodes a 1,653 amino acid hypothetical protein which
contains no identifiable functional domains (Figs 1A and S1A) [33,34]. We selected
TGGT1_238895 for further analysis because of its extremely low phenotype score of -5.41 in a
genome-wide CRISPR/Cas9 screen for fitness-conferring genes and its cyclical expression pro-
file, which is similar to IMC29 (Fig 1B) [24,35].

To determine the localization of TGGT1_238895, we endogenously tagged it with a C-ter-
minal 3xHA epitope tag. The protein was undetectable by immunofluorescence assay (IFA) in
mature parasites, but colocalized with the IMC body-localizing alveolin IMC6 in developing
daughter buds (Fig 1C and 1D). To determine whether TGGT1_238895 localized to the daugh-
ter apical cap, we co-stained with the apical cap marker ISP1. TGGT1_238895 was found to be
absent from the apical cap, indicating that it is exclusively an IMC body protein (Fig 1E).
Based on its localization, we named the protein IMC43. To determine how early IMC43 is
incorporated into developing daughter buds, we co-stained for other early daughter markers
that have been previously studied. These experiments showed that IMC43 recruits to early
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A) Gene model of TGGT1_238895 (IMC43) showing the endogenous 3xHA tag fused to the C-terminus for
localization studies. B) The cell-cycle expression profile for TGGT1_238895 closely matches the cyclical pattern of the
known daughter IMC protein IMC29. RMA = robust multi-array average [24]. C) IFA showing that TGGT1_238895 is
undetectable in mature parasites. Magenta = anti-HA detecting TGGT1_238895""4, Green = anti-IMC6. D) IFA
showing that TGGT1_238895 localizes to daughter buds and colocalizes with IMC6. Magenta = anti-HA detecting
TGGT1_2388951A Green = anti-IMC6. E) IFA of budding parasites showing that TGGT1_238895 is excluded from
the apical cap, marked by ISP1. Magenta = anti-HA detecting TGGT1_238895"*"'4, Green = anti-ISP1. F) IFA showing
that IMC43 recruits to the daughter IMC before IMC6. Magenta = anti-HA detecting IMC43*"4, Green = anti-IMCé6.
G) IFA showing that IMC43 recruits to the daughter IMC before ISP1. Arrow points to the mother cell apical cap.
Asterisk indicates daughter buds. Magenta = anti-HA detecting IMC43™"4, Green = anti-ISP1. H) IFA showing that
IMCA43 recruits to the daughter IMC at the same time as FBXO1. Magenta = anti-Ty detecting IMC43>*S¢P31,

Green = anti-HA detecting FBXO1*" T) IFA showing that IMC43 recruits to the daughter IMC at the same time as
ACI10. Magenta = anti-HA detecting IMC43**'4, Green = anti-Ty detecting AC10>"P*¥_]) [FA showing that
IMCA43 recruits to the daughter IMC at the same time as IMC32. Magenta = anti-HA detecting IMC43**4,

Green = anti-V5 detecting IMC32**">. Scale bars = 2 um.

https://doi.org/10.1371/journal.ppat.1011707.g001

daughters before IMC6 and ISP1 and around the same time as FBXO1, AC10, and IMC32
(Fig 1F-1]). From these data we concluded that IMC43 is a daughter-specific IMC body pro-
tein that is recruited to the DCS at the earliest stages of endodyogeny.

IMC43 is an essential protein involved in endodyogeny

Because IMC43 has a low phenotype score and is a component of the early daughter cell scaf-
fold, we hypothesized that it was likely to play a critical role in parasite survival and replication
[35]. We were unable to genetically disrupt IMC43, despite successful CRISPR/Cas9 targeting
to its endogenous locus, indicating that IMC43 is likely essential as suggested by its phenotype
score (S2 Fig). Thus, we used an auxin-inducible degron (AID) conditional knockdown system
to study its function (Fig 2A) [36,37]. The degron-tagged protein (IMC43*'®) localized cor-
rectly to the daughter IMC and was rapidly degraded upon treatment with indoleacetic acid
(IAA) (Fig 2B). Western blot analysis confirmed efficient knockdown of the target protein
(S3A Fig).
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IMC43*™" parasites treated with IAA for 40 hours. White arrows point to large gaps in the IMC marked by IMC6.
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complementation construct driven by its endogenous promoter (IMC43"") and integrated at the UPRT locus in
IMC43*" parasites. G) IFA showing that IMC43"" localizes normally to the daughter IMC and rescues the
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Green = anti-IMC6. H) Plaque assays for IMC43*'® and IMC43*'® + IMC43"" parasites grown for seven days
-/+TAA. Depletion of IMC43 results in a severe defect in overall lytic ability, which is fully rescued by complementation
with the wild-type protein. Scale bars = 0.5 mm. I) Quantification of plaque number for plaque assays shown in panel
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significance was determined using multiple two-tailed t tests (****, P < 0.0001; ns = not significant). Scale bars for all
IFAs =2 pm.

https://doi.org/10.1371/journal.ppat.1011707.g002

To assess the effects of IMC43 knockdown on parasite morphology over the course of mul-
tiple replication cycles, parasites were treated with IAA for 24 hours and assessed by IFA
(Fig 2C). IMC43-depleted parasites showed severe defects in IMC morphology, such as large
gaps in the cytoskeleton marked by IMC6 and the presence of daughter buds that appeared to
not be encased by the maternal IMC. IMC43-depleted parasites also exhibited a variety of
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replication defects, including asynchronous division and formation of more than two daughter
buds per cell, indicating a severe dysregulation of endodyogeny. Quantification showed that
94.2% of vacuoles exhibited one or more of these issues after only 24 hours of TAA treatment
(Fig 2D), with most vacuoles exhibiting multiple defects simultaneously. When we extended
the TAA treatment to 40 hours, we saw continued growth despite these defects, which appeared
to accumulate over time (Fig 2E). To confirm that these defects were due to the loss of IMC43,
we generated a full-length IMC43 complementation construct driven by its endogenous pro-
moter and integrated it at the UPRT locus (Mc43W?h) (Figs 2F and S3B). Complementation
with IMC43"" fully rescued the observed morphological and replication defects (Fig 2G).

To determine how loss of IMC43 affects the parasite’s overall lytic ability on a longer time
course, we performed plaque assays (Fig 2H). IMC43-depleted parasites exhibited a severe
defect in plaque efficiency, forming <10% as many plaques compared to vehicle-treated
IMC434™P parasites (Fig 21). The few plaques that they did form were also drastically smaller
than normal: <1% the size of plaques formed by vehicle-treated parasites (Fig 2]). The defects
in both plaque efficiency and plaque size were fully rescued by complementation with the
wild-type protein. Since we were unable to generate a stable knockout line, it’s likely that these
few small plaques are formed by a small percentage of parasites that experience incomplete
knockdown.

To dissect the phenotype of IMC43-depleted parasites further, we co-stained for markers of
key structures involved in endodyogeny. First, we stained for the daughter IMC body protein
IMC29, which localized normally despite the gross morphological defects (Fig 3A). Next, we
stained for the apical cap marker AC10, the basal complex marker MORNI1, and tubulin.
These experiments showed that the apical cap, basal complex, conoid, and subpellicular micro-
tubules appear to assemble on nascent daughter buds in the absence of IMC43 (Fig 3B-3D).
Finally, we stained for the centrosome marker Centrinl, as well as DNA marked by Hoechst
staining. This showed that in the absence of IMC43, parasites continue nuclear division and
centrosome duplication in an apparent attempt to continue replicating (Fig 3E and 3F).
Together, these data indicate that IMC43 is an essential protein which is required for replica-
tion, structural integrity of the IMC, and parasite survival.

IMC43 contains an essential functional domain near the C-terminus of the
protein

Like many other IMC proteins, IMC43 lacks homology to known proteins and has no readily
identifiable functional domains. To dissect which regions of the protein are important for
localization and function, we developed a series of nine deletion constructs guided by pre-
dicted secondary structure and conservation with N. caninum (Figs 4A and S1B) [38]. Each
deletion construct was integrated into the UPRT locus in the IMC43*'® strain, as we did previ-
ously for IMC43"T, Western blot analysis confirmed that each of the deletion constructs was
expressed at similar levels to IMC43"" and ran at approximately the expected size (S3C Fig).
Eight of the nine deletion constructs colocalized completely with the wild-type protein (S4
Fig). The only deletion construct which did not was IMC43**°*™**, which enriched at daugh-
ter buds but also partially mistargeted to the cytoplasm (Fig 4B). Surprisingly, almost all the
deletion constructs were also able to rescue both the morphological and replication defects.
The only exception was the A1441-1653 mutant, a C-terminal truncation of the protein

(Fig 4C and 4D, S5). To narrow down the essential region of the C-terminus, we constructed
two smaller sub-deletions: A1441-1561 and A1562-1653. The A1562-1653 mutant fully res-
cued the phenotype of the knockdown, while the A1441-1561 mutant did not, indicating that
residues 1441-1561 are essential for the function of IMC43 (Figs 4E-4G and S3D).
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Fig 3. Assessment of key structures involved in endodyogeny. A) IFA showing that the daughter IMC protein IMC29 is
unaffected by depletion of IMC43. Magenta = anti-V5 detecting IMC29°*"*, Green = anti-IMC6. B) IFA showing that the
apical cap marker AC10 is unaffected by depletion of IMC43. Arrows point to the apical cap of daughter buds.

Magenta = anti-V5 detecting AC10°™*"*, Green = anti-IMC6. C) IFA showing that the basal complex marker MORNI is
unaffected by depletion of IMC43. Arrows point to the basal complex of daughter buds. Magenta = anti-V5 detecting
MORN1*V®, Green = anti-IMC6. D) IFA showing that the conoid and subpellicular microtubules still assemble on
nascent daughter buds when IMC43 is depleted. Arrows point to daughter bud conoids. Magenta = transiently expressed
Tubulin1-GFP, Green anti-IMC6. E) IFA showing that centrosome duplication continues when IMC43 is depleted.
Centrosomes, marked by Centrinl, appear to duplicate and associate with daughter buds and dividing nuclei. Parasites
forming more than two daughter buds also form more than two centrosomes. White arrow points to a single parasite
containing two centrosomes (normal). Yellow arrows point to single parasites containing three or more centrosomes
(abnormal). Magenta = anti-Centrinl, Green = anti-IMCI, Blue = Hoechst. F) IFA showing that nuclear division and
centrosome duplication continue after 40 hours of IAA treatment. Magenta = anti-Centrinl, Green = anti-IMC1,

Blue = Hoechst. Scale bars = 2 um.

https://doi.org/10.1371/journal.ppat.1011707.9003

Identification of IMC43 binding partners using TurboID and Y2H
screening

To further investigate IMC43, we used both TurboID proximity labelling and a yeast two-
hybrid (Y2H) screen to identify candidate binding partners [39-41]. For the TurboID experi-
ment, we fused the TurboID biotin ligase plus a 3xHA tag to the C-terminus of IMC43

(Fig 5A). IMC43™"°'" Jocalized normally and robustly biotinylated the daughter IMC when
treated with biotin, confirming that the TurboID biotin ligase is enzymatically active (Fig 5B).
Therefore, we continued with a large-scale TurboID experiment and analyzed the results by
mass spectrometry. The results were filtered to include only genes that were at least two-fold
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Fig 4. Deletion analyses reveal regions involved in IMC43 localization and function. A) Diagram of the nine deletion constructs
generated for domain analysis of IMC43. B) IFA showing the localization of IMC43*'~*** compared to IMC43*'°, IMC434402-#4
partially mislocalizes to the cytoplasm of parasites (arrow). Magenta = anti-OLLAS detecting IMC43“*>"**, Green = anti-HA detecting
IMC43*™°, C) IFA showing that IMC43*!*4171%%3 fails to rescue the morphological and replication defects caused by depletion of
endogenous IMC43. Arrow points to a single maternal parasite producing five daughter buds, indicating dysregulation of endodyogeny.
Asterisks indicate disruption of the cytoskeleton. Magenta = anti-OLLAS detecting IMC43*'**!~1%%3 Green = anti-IMC6. D)
Quantification of plaque number for IMC43*™°, IMC434™P + IMC43"", and all nine IMC43 deletion strains shown in panel A after
seven days of growth -/+ IAA. Y axis represents the number of plaques formed in +IAA conditions divided by the number of plaques
formed in -IAA conditions for each strain. Statistical significance was determined by one-way ANOVA (****, P < 0.0001; ns = not
significant). E) IFA showing that IMC43*"*#1-1%! fajls to rescue the morphological and replication defects caused by depletion of
endogenous IMC43. Arrow points to a single maternal parasite producing three daughter buds, indicating dysregulation of endodyogeny.
Asterisks indicate disruption of the cytoskeleton. Magenta = anti-OLLAS detecting IMC43*'**!"1%!, Green = anti-IMC6. F) IFA showing
that IMC43*1°°271%%% rescues the morphological and replication defects caused by depletion of endogenous IMC43. Magenta = anti-
OLLAS detecting IMC43%!°°271¢%3 Green = anti-IMC6. G) Quantification of plaque number for IMC43*'°, IMC43*'® + IMC43™",
IMC43*™° + IMC4321#4171%¢ and IMC43*™P + IMC43%1%°2719% parasites after seven days of growth -/+ [AA. Y axis represents the
number of plaques formed in +IAA conditions divided by the number of plaques formed in -IAA conditions for each strain. Statistical
significance was determined by one-way ANOVA (****, P < 0.0001; ns = not significant). Scale bars = 2 um.

https://doi.org/10.1371/journal.ppat.1011707.9004

enriched with a difference of >5 spectral counts when comparing the IMC43™™°'P sample to

the control sample (S1 Table). For the Y2H screen, we used Hybrigenics Services to screen
against the T. gondii RH strain cDNA library using the full-length IMC43 protein as the bait.
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TGGT1_228750 CDPK7 D 0/10 -4.13 cytosol®®
TGGT1_214090 signal peptidase D 0/95 -03 nuclear (LOPIT)
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TGGT1_246720 hypothetical protein D 0/6 0.24 conoid & daughter IMC®°
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Fig 5. TurboID and Y2H screens yield 30 candidate IMC43 binding partners. A) Diagram of IMC43™"**I°_B) [FA showing
that IMC43™°I® Jocalizes normally to the daughter IMC and biotinylates proximal proteins in a biotin-dependent manner.
Arrows point to endogenously biotinylated apicoplasts. Magenta = anti-HA detecting IMC43"4P°P Green = streptavidin. Scale
bars = 2 um. C) Venn diagram comparing genes identified in the Y2H screen and TurbolID experiments. All Y2H hits that were
ranked as “D” (moderate confidence) or higher were included. TurboID results were filtered to include only genes that were at
least two-fold enriched with a difference of >5 spectral counts when comparing IMC4314™P ¢ control. 30 genes were
identified in both experiments after filtering results as described. D) Table showing the 30 genes identified in both the TurboID
and Y2H screens. The two candidate binding partners analyzed in this study are highlighted in yellow. “Y2H” column indicates
the confidence score assigned in the Y2H screen (B = high confidence, C = good confidence, D = moderate confidence).
“TurbolD Ctrl / Exp” column indicates the average spectral count for each gene in the control and IMC43™™°!° mass
spectrometry results. “‘GWCS?” refers to the phenotype score assigned to each gene in a genome-wide CRISPR/Cas9 screen [35].
“Localization” column reports the known localization of each protein [13,15,16,27,29,48-50,54-56,76]. Localizations followed
by “(LOPIT)” indicate predicted localizations based on hyperplexed localization of organelle proteins by isotope tagging
(hyperLOPIT) [42].

https://doi.org/10.1371/journal.ppat.1011707.g005
We included any hits that were assigned a confidence score of “A” (very high), “B” (high), “C”

(good), or “D” (moderate) in our analysis (S2 Table). A total of 30 proteins were identified
using both approaches (Fig 5C and 5D). To prioritize proteins for further analysis, we
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considered their enrichment in the TurbolID experiment, confidence score in the Y2H screen,
transcriptional profile throughout the cell cycle, and known or predicted association with the
daughter IMC [24,42]. Based on these criteria we selected two candidate IMC43 binding part-
ners to explore further: the essential daughter protein IMC32 and the hypothetical protein
encoded by TGGT1_297120.

TGGT1_297120 encodes a novel IMC protein with a dynamic localization
that is dependent on IMC43

TGGT1_297120 was designated as a “B” hit in our Y2H screen and was highly enriched in our
IMC43™"2°™P results (Figs 5D and 6A). It also exhibits a cyclical transcriptional profile
throughout the cell cycle, closely mirroring that of IMC43 (Fig 6B) [24]. Endogenous tagging
of the gene in our IMC43%™® parasites revealed that the protein is absent from mature parasites
and exhibits a dynamic localization pattern in the IMC of daughter buds. At bud initiation,
TGGT1_297120 appears in a small ring shape, similar to IMC43. During early budding, the
protein appears to be restricted to the body of the daughter IMC. As the daughter buds expand,
TGGT1_297120 maintains its localization in the body of the IMC and additionally becomes
enriched in the basal complex. Finally, during late endodyogeny and bud maturation, the pro-
tein shifts completely to the basal complex, where it localizes just adjacent to MORN1, and
finally disappears once the buds emerge as mature cells (Fig 6C and 6D). Given the dynamic
localization of TGGT1_297120 within the daughter IMC, we named the protein IMC44.

To explore the function of IMC44, we used CRISPR/Cas9 to disrupt its gene, which was
confirmed by IFA and PCR (S6A and S6B Fig). The Aimc44 parasites did not have any gross
morphological defects (S6A Fig). Plaque assays showed that loss of IMC44 had no effect on
overall lytic ability, as expected based on its modest phenotype score (S6C and S6D Fig). We
next endogenously tagged IMC43 in the Aimc44 parasite line. IFA showed that the localization
of IMC43 was unaffected in the Aimc44 parasites, indicating that IMC43 localizes indepen-
dently of its partner IMC44 (S6E Fig). Together, these data indicate that IMC44 is dispensable
for parasite fitness and does not play a role in IMC43 localization.

We next wanted to assess how depletion of IMC43 affects the localization of IMC44. When
IMC43 was depleted, IMC44 failed to localize to the body of the IMC during the early stages of
endodyogeny and instead localized to the basal complex (Fig 6E). Normal IMC44 localization
was restored when we complemented with IMC43"™", confirming that this change in localiza-
tion was due to the loss of IMC43 (Fig 6F). To determine if this mislocalization could be linked
to a specific region of IMC43, we endogenously tagged IMC44 in each of our ten IMC43 dele-
tion constructs and used IFA to assess whether each deletion could rescue the mislocalization
of IMC44 in the presence of IAA. Only the A1441-1561 mutant failed to rescue the mislocaliza-
tion of IMC44, indicating that the essential region of IMC43 plays a role in the localization of
IMC44 (Figs 6G and S7). To determine whether this region is directly involved in binding to
IMC44, we used pairwise Y2H assays. Fragments of IMC43 and IMC44 were cloned into Y2H
bait and prey vectors, co-transformed into yeast, and spotted on permissive (-L/W) and restric-
tive (-L/W/H) media to assess binding. These experiments demonstrated that the C-terminus of
IMC43, which contains the essential domain, is sufficient for binding to IMC44 at either its N-
terminus or its C-terminus (Fig 6H and 61). Together these data indicate that the essential C-
terminal domain of IMC43 binds to IMC44 and regulates its localization during endodyogeny.

IMC43 regulates the organization of IMC32 in the daughter cell scaffold

The second candidate IMC43 binding partner we explored was IMC32, a daughter-enriched
IMC body protein that we previously showed is essential for parasite replication and survival
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expression profile for TGGT1_297120 closely mirrors the cyclical pattern of IMC43. RMA = robust multi-array average [24]. C)
IFAs showing the localization of TGGT1_297120 at different stages of endodyogeny. Arrows indicate the point at which
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TGGT1_297120*M¥¢, Green = anti-IMC6. D) IFAs comparing the localization of TGGT1_297120 with the basal complex
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Green = anti-V5 detecting MORN1>*Y®. E) IFA showing the localization of IMC44 in IMC43"'" parasites -/+ IAA. Depletion of
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https://doi.org/10.1371/journal.ppat.1011707.9006

[27]. IMC32 contains five coiled-coil (CC) domains at its C-terminus, which we previously
determined to be necessary for both its localization and function [27]. We also recently discov-
ered a domain in the center of the protein which has structural homology to the fused Ig-PH
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domain from the plant actin-binding protein SCABI1 (Fig 7A). IMC32 was identified as a “D”
hit in our Y2H screen and was also relatively low abundance in our TurboID mass spectrome-
try results (Fig 5D). However, its localization, timing of recruitment, and function are all very
similar to IMC43. Additionally, our Y2H screen data determined that three of the essential CC
domains of IMC32 are involved in binding to IMC43, further supporting that IMC32 may be a
true binding partner of IMC43 (Fig 7A).

To investigate the relationship between IMC32 and IMC43, we endogenously tagged
IMC32 in our IMC43'" line. As we previously reported, IMC32 localizes to five distinct
puncta arranged in a pentagon during bud initiation. As the buds elongate, IMC32 extends
into a series of five longitudinal stripes that stretch along the body of the daughter IMC
(Fig 7B) [27]. When we examined IMC32 localization in IMC43-depleted parasites, we found
that IMC32 exhibited normal localization during the bud initiation and early budding stages
(Fig 7C). However, during mid- and late-budding, IMC32 became disorganized. The usual
pattern of stripes along the body of the IMC was frequently missing, and instead, IMC32 had a
diffuse staining pattern in the body of the daughter IMC and in the cytoplasm (Fig 7D). Accu-
mulation of these defects during a longer IAA treatment led to increased cytoplasmic misloca-
lization (Fig 7E). Quantification showed that IMC32 was mislocalized in approximately 78%
of vacuoles containing parasites at the mid- and late-budding stages when IMC43 was
depleted. This defect was fully rescued by complementation with IMC43" 7 (Fig 7F and 7G).
This indicates that while IMC32 initjally recruits to the DCS independently of IMC43, its’
organization during later stages of endodyogeny is dependent on IMC43.

To determine whether IMC43 relies on IMC32 for its localization as well, we generated an
IMC32%™ line in which IMC43 is endogenously tagged (S8A Fig). IFA showed efficient deple-
tion of IMC32 resulting in severe morphological and replication defects as we have previously
reported using an anhydrotetracycline transactivator-based regulation system (S8B Fig) [27].
IMC32 depletion had no effect on the localization of IMC43, indicating that IMC43 localizes
independently of IMC32 (S8C Fig).

Next, we wanted to determine which region of IMC43 is required for the proper organiza-
tion of IMC32 in the DCS. To assess this, we endogenously tagged IMC32 in each of our ten
IMC43 deletion lines and used IFA to determine whether each deletion could rescue the mislo-
calization of IMC32. The A1441-1561 mutant was the only one that failed to rescue the mislo-
calization of IMC32, indicating that the essential region of IMC43 is involved in regulating the
localization of IMC32 (Figs 7H and S9). To directly assess the binding interaction between
IMC43 and IMC32, we once again used pairwise Y2H assays. These experiments demonstrated
that the C-terminus of IMC43 is sufficient for binding to IMC32’s CC domains (Fig 7I and 7]).
Together, these data indicate that the essential C-terminal domain of IMC43 binds to IMC32’s
CC domains and controls its localization during the middle and late stages of endodyogeny.

Discussion

In this study, we identified and characterized IMC43 as a novel daughter-specific IMC protein
which plays an essential role in endodyogeny. We also used proximity labelling and Y2H
approaches to identify and explore its binding partners. Our data demonstrates that depletion
of IMC43 results in severe morphological and replication defects, resulting in a loss of overall
Iytic ability. The phenotype of IMC43-depleted parasites closely resembles that of IMC32-de-
pleted parasites [27]. Loss of both proteins results in cytoskeletal instability, swelling, asyn-
chronous division, formation of more than two daughter buds per cell, and excessive rounds
of nuclear division and centrosome duplication (Fig 8A) [27]. The observed morphological
defects are also similar to that observed for BCCO [28]. One key difference between IMC43
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Fig 7. IMC43 binding is required for maintenance of IMC32 during later stages of endodyogeny. A) Gene model of
IMC32 showing its predicted N-terminal palmitoylation site, Ig-PH domain, 5 predicted CC domains, and
IMC43-interacting region identified by the Y2H screen. B) IFA comparing the localization of IMC43 and IMC32 at the mid/
late budding stages of endodyogeny. Top: Daughter buds viewed from the side. Bottom: Daughter buds viewed from below.
Magenta = anti-V5 detecting IMC32**", Green = anti-HA detecting IMC43*'°. C) IFA showing the localization of IMC32
during bud initiation in IMC43*'® parasites after 18 hours of growth -/+ IAA. Depletion of IMC43 has no effect on IMC32
localization during bud initiation. Magenta = anti-V5 detecting IMC32*"®, Green = anti-IMC6. D) IFA showing the
localization of IMC32 during the late-budding stage in IMC43"'® parasites after 18 hours of growth -/+ IAA. Depletion of
IMC43 causes IMC32 to lose its characteristic striped localization pattern at this stage of endodyogeny. Magenta = anti-V5
detecting IMC32*"?, Green = anti-IMC6. E) IFA showing the localization of IMC32 in IMC43*' parasites after 30 hours of
growth -/+ TAA. Depletion of IMC43 over a longer time course results in an accumulation of mislocalized IMC32 in the
cytoplasm. White arrows point to IMC32 enriching at early daughter buds. Yellow arrows point to daughter buds at the
mid/late-budding stage with diffuse and disorganized IMC32 staining. Magenta = anti-V5 detecting IMC32**"?,

Green = anti-IMC6. F) IFA showing the localization of IMC32 in IMC43*'" + IMC43"" parasites after 18 hours of growth
-/+ IAA. IMC43"" rescues the mislocalization of IMC32 caused by depletion of IMC43. Magenta = anti-V5 detecting
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IMC32**"?, Green = anti-IMC6. G) Quantification of vacuoles with mislocalized IMC32 at different stages of endodyogeny
after 18 hours of growth -/+ TAA. Approximately 76% of vacuoles at the mid and late budding stages exhibited
mislocalization of IMC32 when IMC43 was depleted. This phenotype was fully rescued by complementation with IMC43™".
Statistical significance was determined using multiple two-tailed t tests (****, P < 0.0001; ns = not significant). H) IFA
showing the localization of IMC32 in IMC43*™® + IMC43*"*#!=1%! parasites after 24 hours of growth -/+ IAA. IMC434!*41~
1561 fails to rescue the mislocalization of IMC32 caused by depletion of IMC43. Magenta = anti-V5 detecting IMC32**"%,
Green = anti-IMC6. Scale bars = 2 um. I) Diagrams showing the fragments of IMC43 and IMC32 that were fused to LexA/
GAL4*P for pairwise Y2H assays. ]) Pairwise Y2H assays assessing the interaction of IMC43 and IMC32. Growth on
restrictive (-L/W/H) media indicates binding between the indicated fragments of each protein.

https://doi.org/10.1371/journal.ppat.1011707.9007

and BCCO is that loss of BCCO was reported to cause a partial disruption of the basal complex
in daughter buds, whereas we demonstrated that the basal complex is unaffected by loss of
IMC43. Finally, the severe replication defects are also similar to Aimc29 parasites, although
these defects are observed at a higher frequency in IMC43-depleted parasites [29].

While IMC43 does not contain any functional domains identifiable by sequence or struc-

tural homology, our deletion analyses identified two important regions. We first identified a
small region towards the N-terminus (residues 402-494) which plays a minor role in localiza-

tion of the protein. Deletion of this region led to a partial mislocalization of the protein to the
cytoplasm. While this partial mislocalization could be due to protein misfolding, the fact that
the A402-494 mutant rescues the phenotype of the knockdown makes this less likely.
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Fig 8. Summary. A) Diagram summarizing the effects of IMC43 depletion. Depletion of IMC43 causes gross morphological defects such as
swelling, cytoskeletal instability, asynchronous division, excess budding & nuclear division, and loss of overall lytic ability. Assembly of the basal
complex and apical cap remain unaffected. B) Diagram summarizing the relationship between IMC43 and its binding partners IMC32 and
IMC44. The newly identified Localization domain (LOC) and Essential Interaction Domain (EID) of IMC43 are shown. Grey boxes indicate
interactions between the Essential Interaction Domain of IMC43 and IMC32/IMC44. Boxed panels include a diagram showing how depletion of
IMC43 affects the localization of IMC32 and IMC44 throughout bud initiation (1), early/mid-budding (2), and late budding (3).

https://doi.org/10.1371/journal.ppat.1011707.9g008
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Furthermore, this region of the protein is more conserved than nearby regions, supporting the
hypothesis that this region may contain a domain involved in localization. Given these data,
we tentatively assign the region encompassed by residues 402-494 as the Localization Domain
(LOC) (Fig 8B). However, since none of the deletions fully abolished targeting to the IMC,
other regions of the protein must play a role in localization. We also identified a domain near
the C-terminus of the protein which is essential for the function of IMC43. This region is
highly conserved and is one of the few regions of the protein that is not predicted to be intrin-
sically disordered [43]. AlphaFold predicts a four-helix bundle in this region, although the
confidence is relatively weak [33,44,45]. Four-helix bundles are structurally similar to coiled-
coils which often play roles in protein-protein interactions [46,47]. Based on its essential func-
tion in facilitating interaction between IMC43 and its partners, we named this region the
Essential Interaction Domain (EID) (Fig 8B).

By combining the results of TurboID proximity labelling and a Y2H screen, we identified
30 candidate IMC43 binding partners and investigated two of them in relation to IMC43. This
led us to two key findings: the identification of IMC44 as a novel daughter IMC protein with a
dynamic localization which is dependent on IMC43, and the discovery of an essential
IMC43-IMC32 daughter bud assembly complex that is critical for endodyogeny. IMC44 was
found to have a dynamic localization pattern in which it localizes to the body of the IMC dur-
ing the early stages of endodyogeny and then transitions to the basal complex during the mid-
dle and late stages. A similar dynamic localization has previously been reported for the
alveolins IMCS5, -8, -9, and -13, and also for the recently discovered BCC3 [14,28]. IMC44’s
localization within the IMC body is similar to the alveolins, whereas BCC3 appears to be pres-
ent in the sutures of the daughter bud. However, the timing of IMC44’s shift to the basal com-
plex is more like that of BCC3, which also begins to transition to the basal complex during
mid-budding, rather than just prior to bud constriction like the alveolins. Interestingly, all five
of these proteins, as well as IMC44, have moderate fitness scores, and we showed here that
IMC44 is dispensable [35]. Given their shared localization patterns, it’s possible that there may
be some functional redundancy among these proteins that explains their dispensability. For
IMC44, we found that localization to the IMC body is dependent on IMC43, while localization
to the basal complex occurs independent of IMC43. It’s possible that IMC44’s localization to
the basal complex relies instead on binding to another basal complex-localizing protein. Since
IMCS5, -8, -9, and -13 shift to the basal complex later than IMC44, it will be interesting to see
whether disruption of IMC44 affects any of their localizations.

The identification of IMC32 as an IMC43 binding partner was exciting due to their similar
essential functions in endodyogeny. Intriguingly, we found that while IMC32 can localize to
the early DCS during bud initiation independently, the maintenance of its striped localization
pattern during mid and late budding requires IMC43. We also demonstrated that the C-termi-
nus of IMC43 is sufficient for binding to IMC32’s C-terminal CC domains (Fig 8B). In our
previous study, we showed that the localization of IMC32 requires both its predicted N-termi-
nal palmitoylation site and at least one of its C-terminal CC domains [27]. This suggests a
model in which IMC32 initially recruits to the DCS via palmitoylation and is maintained in
the later stages of endodyogeny by binding to IMC43. Together, our data indicates that IMC43
and IMC32 make up an essential protein complex in the DCS and are required for proper pro-
gression of endodyogeny. However, it is somewhat puzzling that IMC32 appears to be con-
served throughout the Apicomplexa, whereas clear orthologs of IMC43 are only found in N.
caninum, Hammondia hammondi, and Besnoitia besnoiti [27]. One possibility is that an ortho-
log of IMCA43 is present in other apicomplexans but has diverged so much that it’s no longer
recognizable by sequence homology. This hypothesis is supported by the fact that the 43 kDa
Sarcocystic neurona protein encoded by SN3_03500255 and the 62 kDa Cystoisospora suis
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protein encoded by CSUI_009138 have significant homology to the essential C-terminus of
IMC43. Alternatively, it is possible that IMC32 evolved to localize independently of other pro-
teins in other apicomplexan parasites or relies on a different binding partner. Investigating the
function of IMC32 in Plasmodium spp. would provide more insight into this question.

Of the remaining 28 candidate IMC43 binding partners, 25 were identified as “D” hits in
the Y2H screen. “D” hits indicate moderate confidence in the interaction and represent a mix
of false-positives and genuine interactions that are difficult to detect by Y2H due to low
mRNA abundance in the T. gondii library, difficulty folding in yeast, or toxicity when
expressed in yeast [40,41]. Given this caveat, it’s important to directly interrogate each candi-
date to determine whether it’s likely to be a bona fide binding partner. One example of this is
IMC32, which was scored as a D hit and was validated in this study as a true partner of IMC43.
It’s likely that IMC32 had a moderate confidence score due to low mRNA abundance in the T.
gondii library, which was produced using extracellular (non-budding) parasites. Other D hits
include several proteins which are known to localize to daughter buds, including IMC30,
IMC31, IMC34, PHIL1, IMC1, and TGGT1_246720 [13,29,48-50]. Given their shared locali-
zation with IMC43, these proteins represent interesting targets for future studies.

Another interesting finding from our interaction screening experiments was the identification
of three kinases and one phosphatase as candidate IMC43 binding partners. Phosphoproteomics
studies have identified several phosphorylation sites in IMC43, raising the possibility that phos-
phorylation could be important for the regulation of IMC43 localization or function. The putative
cell-cycle-associated protein kinase SRPK was identified as a B hit and was found to bind via its
kinase domain to IMC43 [51]. Similarly, the kelch repeat domain-containing serine/threonine
protein phosphatase protein PPKL was identified as a “C” hit and was found to bind to IMC43 at
two locations: its phosphatase domain and a region just N-terminal to the kelch repeat domain
[52]. The fact that IMC43 binds to these proteins at their active sites suggests that IMC43 could
be a substrate of SRPK and/or PPKL. SRPK has not been studied in T. gondii, but its low pheno-
type score suggests an essential function [35]. In P. falciparum, PPKL has been shown to be cru-
cial for ookinete development and microtubule tethering to the IMC, and a recent pre-print by
Yang et al. demonstrated that it plays an essential role in regulating daughter bud formation in T.
gondii [53,54]. Additionally, both the aurora kinase Ark3 and the calcium-dependent protein
kinase CDPK?7 were identified as “D” hits and were previously shown to be involved in parasite
replication [55,56]. Neither protein was found to bind to IMC43 at their kinase domain, so they
are less likely to phosphorylate IMC43. However, IMC43 could still bind to these proteins to regu-
late their localization or activity. Exploring these candidate interactors and determining how their
activity affects the function of IMC43 will be a fascinating topic of future studies.

Together, the data presented in this study identifies IMC43 as a foundational protein
involved in T. gondii endodyogeny and reveals the existence of an essential IMC43-IMC32
daughter bud assembly complex. The protein-protein interaction data presented in this study
yields ample opportunities for future studies that will inform our knowledge of how daughter
IMC assembly is regulated. Furthering our understanding of this process will be vital for the
identification of novel drug and vaccine targets for diseases caused by apicomplexan parasites.

Materials and methods
T. gondii and host cell culture

Parental T. gondii RHAhxgprtAku80 (wild-type) and subsequent strains were grown on conflu-
ent monolayers of human foreskin fibroblasts (B], ATCC, Manassas, VA) at 37°C and 5% CO,
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 5% fetal bovine serum
(Gibco), 5% Cosmic calf serum (Hyclone), and 1x penicillin-streptomycin-L-glutamine
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(Gibco). Constructs containing selectable markers were selected using 1 uM pyrimethamine
(dihydrofolate reductase-thymidylate synthase [DHFR-TS]), 50 pg/mL mycophenolic acid-
xanthine (HXGPRT), or 40 uM chloramphenicol (CAT) [57-59]. Homologous recombination
to the UPRT locus was negatively selected using 5 uM 5-fluorodeoxyuridine (FUDR) [60].

Antibodies

The HA epitope was detected with mouse monoclonal antibody (mAb) HA.11 (BioLegend;
901515) and rabbit polyclonal antibody (pAb) anti-HA (Invitrogen; P1715500). The Tyl epi-
tope was detected with mouse mAb BB2 [61]. The c-Myc epitope was detected with mouse
mAb 9E10 [62]. The V5 epitope was detected with mouse mAb anti-V5 (Invitrogen; R96025)
and rabbit mAb anti-V5 (Cell Signaling Technology; 13202S). The OLLAS epitope was
detected with rat mADb anti-OLLAS [63]. Toxoplasma-specific antibodies include rabbit pAb
anti-IMC6 [64], mouse mAD anti-IMC1 [65], mouse mAD anti-ISP1 [32], rabbit pAb anti-
Centrinl (Kerafast; EBC004) [66], and rabbit anti-Catalase [67].

Endogenous epitope tagging and knockout

For C-terminal endogenous tagging, a pU6-Universal plasmid containing a protospacer
against the 3’ untranslated region (UTR) of the target protein approximately 100 bp down-
stream of the stop codon was generated, as described previously [68]. A homology-directed
repair (HDR) template was PCR amplified using the Aku80-dependent LIC vector
pmAID3xHA.LIC-HXGPRT, pmAID3xTy.LIC-HXGPRT, p3xHA.LIC-DHFR, p3xMyc.
LIC-DHEFR, p2xStrep3xTy.LIC-CAT, p2xStrep3xTy.LIC-HXGPRT, p3xV5.LIC-DHEFR,
p3xV5.LIC-HXGPRT, psmOLLAS.LIC-DHFR, or pTurboID3xHA.LIC-DHFR, all of which
include the epitope tag, 3’ UTR, and a selection cassette [69]. The 60-bp primers include 40 bp
of homology immediately upstream of the stop codon or 40 bp of homology within the 3 UTR
downstream of the CRISPR/Cas9 cut site. Primers that were used for the pU6-Universal plas-
mid as well as the HDR template are listed in S3 Table.

For N-terminal endogenous tagging of MORNT1, a synthetic gene containing 146 bp of
homology upstream of the start codon, a 3xV5 tag, and 219 bp of homology downstream of
the start codon (primer P55) was ligated into a pJet vector (MORN1.3xV5.pJet). A homology-
directed repair (HDR) template was PCR amplified from the MORN1.3xV5.pJet vector using
primers P58 and P59. The protospacer was designed to target the sequence just downstream of
the MORNT1 start codon and was ligated into the pU6-Universal plasmid.

For knockout of IMC43 and IMC44, the protospacer was designed to target the coding
region of the gene of interest, ligated into the pU6-Universal plasmid and prepared similarly to
the endogenous tagging constructs. The HDR template was PCR amplified from a pJET vector
containing the HXGPRT drug marker driven by the NcGRA7 promoter using primers that
included 40 bp of homology immediately upstream of the start codon or 40 bp of homology
downstream of the region used for homologous recombination for endogenous tagging.

For all tagging and knockout constructs, approximately 50 ug of the sequence-verified
pU6-Universal plasmid and the PCR-amplified HDR template were electroporated into the
appropriate parasite strain. Transfected cells were allowed to invade a confluent monolayer of
HEFFs overnight, and appropriate selection was applied. Successful tagging was confirmed by
IFA, and clonal lines of tagged parasites were obtained through limiting dilution.

Complementation of IMC43*'™®

The IMC43 coding region was PCR amplified from cDNA using primers P9 and P10. This was
cloned into pUPRTKO-IMC32HA [27] using BglII/NotI to make pUPRTKO-IMC32p-

parasites
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IMC43-3xHA. Next, the endogenous promoter (EP) was amplified from genomic DNA using
primers P11 and P12 and the entire pPUPRTKO-IMC32p-IMC43-3xHA plasmid except for the
IMC32 promoter was amplified using primer P13 and P14. The two fragments were then
ligated using Gibson Assembly to make pUPRTKO-EP-IMC43-3xHA (E2611, NEB). Finally,
an smOLLAS tag was amplified from the p-smOLLAS-DHFR-LIC vector using primers P15
and P16 and the entire pPUPRTKO-EP-IMC43-3xHA plasmid except for the 3xHA tag was
amplified using primers P17 and P18. The two fragments were then ligated using Gibson
assembly to make pUPRTKO-EP-IMC43" -smOLLAS (IMC43™™). This complement vector
was then linearized with Psil-HFv2 and transfected into IMC43*'™® parasites along with a pU6
that targets the UPRT coding region. Selection was performed with 5 pg/mL 5-fluorodeoxyuri-
dine (FUDR) for replacement of UPRT. Clones were screened by IFA, and an smOLLAS-posi-
tive clone was designated IMC43™ ", IMC43"" was used as the template to generate deletion
constructs using Q5 site-directed mutagenesis with primers P19-P38 (E0552S, NEB). The
same processes for linearization, transfection, and selection were followed for all deletion and
mutant constructs. All restriction enzymes were purchased from NEB.

Immunofluorescence assay

Confluent HFF cells were grown on glass coverslips and infected with T. gondii. After 18-40
hours, the coverslips were fixed with 3.7% formaldehyde in PBS and processed for immunoflu-
orescence as described [70]. Primary antibodies were detected by species-specific secondary
antibodies conjugated to Alexa Fluor 594/488/405 (ThermoFisher). Coverslips were mounted
in Vectashield (Vector Labs), viewed with an Axio Imager.Z1 fluorescent microscope and pro-
cessed with ZEN 2.3 software (Zeiss).

Western blot

Parasites were lysed in 1x Laemmli sample buffer with 100 mM DTT and boiled at 100°C for 5
minutes. Lysates were resolved by SDS-PAGE and transferred to nitrocellulose membranes,
and proteins were detected with the appropriate primary antibody and corresponding second-
ary antibody conjugated to horseradish peroxidase. Chemiluminescence was induced using
the SuperSignal West Pico substrate (Pierce) and imaged on a ChemiDoc XRS+ (Bio-Rad).

Plaque assay

HFF monolayers were infected with 200 parasites/well of individual strains and allowed to
form plaques for 7 days. Cells were then fixed with ice-cold methanol and stained with crystal
violet. All plaque assays were performed in triplicate. To quantify plaque size, the areas of 50
plaques per condition were measured using ZEN software (Zeiss). To quantify plaque number,
the total number of plaques in each condition was counted manually. Graphical and statistical
analyses were performed using Prism GraphPad 8.0.

Quantification of defective vacuoles and mislocalized IMC32

For quantification of morphological and replication defects, HFF monolayers grown on glass
coverslips were infected with IMC43*'® parasites at low MOI -/+ IAA. 24 hours post-infection,
coverslips were fixed with 3.7% PFA, processed for immunofluorescence, and labeled with
anti-HA and anti-IMC6. For both the -IAA and +IAA conditions, >100 vacuoles spread across
at least 10 fields were scored as defective or normal. Vacuoles were scored as defective if they
exhibited any of the following defects: desynchronized endodyogeny, >2 daughter buds per
cell, immature daughter cells present outside of a maternal cell, gaps in the cytoskeleton
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marked by IMCE, or severe swelling. The experiment was performed in triplicate. Significance
was determined using a two-tailed t-test.

For quantification of mislocalized IMC32, HFF monolayers grown on glass coverslips were
infected with IMC32*V°IMC43'" parasites at low MOI -/+ IAA. 18 hours post-infection,
coverslips were fixed with 3.7% PFA, processed for immunofluorescence, and labeled with
anti-V5 and anti-IMC6. For both the -IAA and +IAA conditions, >100 vacuoles containing
parasites at the bud initiation and early budding stages of endodyogeny spread across at least
10 fields were scored as either normal or mislocalized. Vacuoles were scored as mislocalized at
these stages if IMC32 signal was not observed in 5 distinct puncta/short stripes arranged in a
ring-shape on nascent daughter buds. Then, >100 different vacuoles containing parasites at
the mid and late budding stages of endodyogeny were scored as either normal or mislocalized.
Vacuoles were scored as mislocalized at these stages if IMC32 signal was not observed in a
series of longitudinal stripes along the body of the IMC. The experiment was performed in
triplicate. Significance was determined using a two-tailed t-test.

Affinity capture of biotinylated proteins

For affinity capture of proteins from whole cell lysates, HFF monolayers infected with
IMC43™®°IP o1 control parasites (RHAhxgprtAku80, WT) were grown in medium containing
150 uM biotin for 30 hours. Intracellular parasites in large vacuoles were collected by manual
scraping, washed in PBS, and lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM
Tris [pH 7.5], 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40) supplemented
with Complete Protease Inhibitor Cocktail (Roche) for 30 min on ice. Lysates were centrifuged
for 15 min at 14,000 x g to pellet insoluble material, and the supernatant was incubated with
Streptavidin Plus UltraLink resin (Pierce) overnight at 4°C under gentle agitation. Beads were
collected and washed five times in RIPA buffer, followed by three washes in 8 M urea buffer
(50 mM Tris-HCI [pH 7.4], 150 mM NaCl) [71]. Samples were submitted for on-bead digests
and subsequently analyzed by mass spectrometry. The experiment was performed in duplicate.

Mass spectrometry of biotinylated proteins

Purified proteins bound to streptavidin beads were reduced, alkylated, and digested by sequen-
tial addition of Lys-C and trypsin proteases. Samples were then desalted using C18 tips (Pierce)
and fractionated online using a 75-um inner-diameter fritted fused silica capillary column
with a 5-um pulled electrospray tip and packed in-house with 25 cm of C18 (Dr. Maisch
GmbH) 1.9-um reversed-phase particles. The gradient was delivered by a 140-minute gradient
of increasing acetonitrile and eluted directly into a Thermo Orbitrap Fusion Lumos instru-
ment where MS/MS spectra were acquired by Data Dependent Acquisition (DDA). Data anal-
ysis was performed using ProLuCID and DTASelect2 implemented in Integrated Proteomics
Pipeline IP2 (Integrated Proteomics Applications) [72-74]. Database searching was performed
using a FASTA protein database containing T. gondii GT1-translated open reading frames
downloaded from ToxoDB. Protein and peptide identifications were filtered using DT ASelect
and required a minimum of two unique peptides per protein and a peptide-level false positive
rate of less than 5% as estimated by a decoy database strategy. Candidates were ranked by spec-
tal count comparing IMC43™**'® versus control samples [75].

Yeast two-hybrid

Y2H screening was performed by Hybrigenics Services as previously described [40,41]. Briefly,
the full-length coding sequence of IMC43 was cloned into the pB35 vector (N-GAL4-bait-C
fusion, inducible) and transformed in yeast. This construct was screened for interactions
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against the T. gondii RH strain cDNA library with 37 million interactions tested. Confidence
for each interaction was assessed algorithmically (Predicted Biological Score, PBS).

For pairwise Y2H assays, fragments of IMC43, IMC44, and IMC32 were cloned into the
pB27 (N-LexA-bait-C fusion) or pP6 (N—GAL4AD—prey—C fusion) vectors (Hybrigenics Ser-
vices) as N-terminal fusions with the LexA DNA binding domain or GAL4 activation domain,
respectively. All pB27 and pP6 constructs were cloned by Gibson Assembly using primers
P68-P101. Pairs of pB27 and pP6 constructs were co-transformed into the L40 strain of S. cere-
visiae [MATa his3D200trp1-901 leu2-3112 ade2 LYS2::(4lexAop-HIS3) URA3:(8lexAop-lacZ)
GALA4]. Strains were grown overnight in permissive (-Leu/-Trp) medium, normalized to
ODgqo = 2, then spotted in six serial dilutions onto permissive (-Leu/-Trp) and restrictive
(-Leu/-Trp/-His) media. Growth was assessed after 3-5 days.

Supporting information

S1 Fig. Conservation and secondary structure predictions for TGGT1_238895. A) ToxoDB
reports TGGT1_238895 as a 1,654 amino acid protein, with the first two residues being methi-
onine. Alignment of TGGT1_238895 with its N. caninum homolog NCLIV_015750 show that
the first methionine (lowercase, bold) in TGGT1_238895 is not conserved. The second methi-
onine (uppercase, bold) and much of the N-terminus is highly conserved. The second methio-
nine is also a more favorable start codon based on the T. gondii consensus translation
initiation sequence (A at position -3, G at position +4) [77]. We therefore determined that the
protein is likely to start at the second methionine, resulting in TGGT1_238895 encoding a
1,653 amino acid protein. Residues are numbered accordingly in this study. B) The amino acid
sequence of IMC43 (TGGT1_238895) was aligned to its N. caninum ortholog NCLIV_015750
using ClustalO 1.2.4. Alpha-helices predicted by PSIPRED are shown above their correspond-
ing sequences. Regions chosen for the deletion series are highlighted.

(TIF)

S2 Fig. IFA showing successful targeting of the IMC43 locus using CRISPR/Cas9. A) Dia-
gram showing the strategy used to genetically disrupt IMC43 in an IMC43**4 parental line.
B) IFA showing that FLAG-positive/HA-negative parasites with severe morphological defects
were observed 30 hours after transfection, indicating successful ablation of the target gene.
The Aimc43 parasites were rapidly lost from the population and could not be recovered.
Arrows point to daughter buds lacking HA staining. Magenta = anti-HA, Green = anti-FLAG
detecting Cas9>AC, Blue = anti-IMC6. Scale bar = 2 ym.

(TIF)

$3 Fig. Western blots showing depletion and complementation of IMC43%'®, A) Western
blot showing efficient depletion of IMC43™ after four hours of IAA treatment. Parasites were
grown intracellularly for 24 hours prior to adding IAA. Catalase is used as a loading control. B)
Western blot of IMC434™ + IMC43"'T parasites after four hours of IAA treatment. IMC43""
expresses at equal levels -/+ IAA. Catalase is used as a loading control. C) Western blots com-
paring expression levels of IMC43" T with the IMC43 deletion constructs shown in Fig 4A. Cat-
alase was used as a loading control. D) Western blots comparing expression levels of IMC43""*
with IMC434M4171561 and IMC43%1°62719%% Catalase was used as a loading control.

(TIF)

S4 Fig. Most IMC43 deletion constructs localize normally to the daughter IMC. IFAs show-
ing that eight of the IMC43 deletion constructs colocalize with IMC43*™°, Magenta = anti-OLLAS
detecting IMC43 deletion constructs, Green = anti-HA detecting IMC43*'®, Scale bars = 2 yum.
(TIF)
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S5 Fig. Most IMC43 deletion constructs rescue the morphological and replication defects
observed upon depletion of IMC43. IFAs showing that eight of the IMC43 deletion con-
structs fully rescue the morphological and replication defects caused by depletion of IMC43.
Magenta = anti-OLLAS detecting IMC43 deletion constructs, Green = anti-IMC6. Scale
bars =2 um.

(TIF)

S6 Fig. IMC44 is dispensable for the T. gondii lytic cycle and does not impact IMC43 locali-
zation. A) The endogenous locus for IMC44 was disrupted in the IMC44>*Y¢ parent strain.
IFA of Aimc44 parasites confirms loss of IMC44>*™Y¢ signal. Magenta = anti-Myec,

Green = anti-IMC6. B) PCR verification for genomic DNA of WT and Aimc44 parasites. Dia-
gram indicates the binding location of primers used to amplify the IMC44 coding sequencing
(blue arrows) and the site of recombination for the knockout (red arrows). C) Plaque assays of
WT and Aimc44 parasites. D) Quantification of plaque size for plaque assays shown in panel
D. Statistical significance was determined using a two-tailed t test (ns = not significant). E) IFA
showing normal localization of IMC43 in Aimc44 parasites. Magenta = anti-Ty detecting
IMC43%5%¢P3*TY Green = anti-IMC6. Scale bars = 2 pm.

(TIF)

S7 Fig. Most IMC43 deletion constructs rescue the mislocalization of IMC44 caused by
depletion of IMC43. IFAs showing the localization of IMC44 in nine of the IMC43 deletion
lines. All nine shown in this figure rescue the mislocalization of IMC44. Magenta = anti-Myc
detecting IMC44>™°, Green = anti-IMC6. Scale bars = 2 pum.

(TIF)

S8 Fig. Depletion of IMC32 has no effect on IMC43 localization. A) An mAID-3xTy degron
tag was fused to the C-terminus of IMC32 in a TIR1-expressing strain to facilitate proteasomal
degradation upon treatment with IAA. B) IFA of IMC32*'® parasites after 24 hours of growth
-/+ TAA. Depletion of IMC32 results in morphological and replication defects as previously
described [27]. Magenta = anti-Ty detecting IMC32*'°, Green = anti-IMCé6. C) IFA showing
the localization of IMC43 in IMC324™® parasites after 24 hours of growth -/+ IAA. IMC43 is
unaffected by depletion of IMC32. Magenta = anti-HA detecting IMC43™4, Green = anti-
IMC6. Scale bars = 2 pm.

(TIF)

S9 Fig. Most IMC43 deletion constructs rescue the mislocalization of IMC32 caused by
depletion of IMC43. IFAs showing the localization of IMC32 in nine of the IMC43 deletion
lines. All nine shown in this figure rescue the mislocalization of IMC32. Magenta = anti-V5
detecting IMC32**Y?, Green = anti-IMC6. Scale bars = 2 um.

(TIF)

S1 Table. Full IMC43"""°™® mass spectrometry results. Full List of genes identified by mass
spectrometry in the IMC43™™°'® experiment. Spectral counts are shown for each gene.
“Enrichment Diff” refers to the difference between the average spectral count in IMC43*™°!P
and control parasites. “Enrichment Fold” refers to the average spectral count for IMC43™™>°'P
samples divided by the average spectral count for control samples.

(XLSX)

S2 Table. Full IMC43 Y2H screen results. Full list of genes identified by the Hybrigenics Y2H
screen. All clones identified for a specific gene are grouped. Clones that were found to be out-
of-frame are greyed out. Global PBS indicates the confidence score assigned to each clone
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[40,41].
(XLSX)

§3 Table. Oligonucleotides used in this study.
(XLSX)
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Figure 2-S1. Conservation and secondary structure predictions for TGGT1_238895.
A) ToxoDB reports TGGT1_238895 as a 1,654 amino acid protein, with the first two residues
being methionine. Alignment of TGGT1_238895 with its N. caninum homolog NCLIV_015750

show that the first methionine (lowercase, bold) in TGGT1_238895 is not conserved. The
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second methionine (uppercase, bold) and much of the N-terminus is highly conserved. The
second methionine is also a more favorable start codon based on the T. gondii consensus
translation initiation sequence (A at position -3, G at position +4) [77]. We therefore determined
that the protein is likely to start at the second methionine, resulting in TGGT1_238895 encoding
a 1,653 amino acid protein. Residues are numbered accordingly in this study. B) The amino
acid sequence of IMC43 (TGGT1_238895) was aligned to its N. caninum ortholog
NCLIV_015750 using ClustalO 1.2.4. Alpha-helices predicted by PSIPRED are shown above

their corresponding sequences. Regions chosen for the deletion series are highlighted.
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Figure 2-S2. IFA showing successful targeting of the IMC43 locus using CRISPR/Cas9. A)
Diagram showing the strategy used to genetically disrupt IMC43 in an IMC43*™ parental line. .
B) IFA showing that FLAG-positive/HA-negative parasites with severe morphological defects
were observed 30 hours after transfection, indicating successful ablation of the target gene. The
Aimc43 parasites were rapidly lost from the population and could not be recovered. Arrows point
to daughter buds lacking HA staining. Magenta = anti-HA, Green = anti-FLAG detecting

Cas9*FA% Blue = anti-IMC6. Scale bar = 2 ym.
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Figure 2-S3. Western blots showing depletion and complementation of IMC43",

A) Western blot showing efficient depletion of IMC43*'° after four hours of IAA treatment.
Parasites were grown intracellularly for 24 hours prior to adding IAA. Catalase is used as a
loading control. B) Western blot of IMC43"° + IMC43"T parasites after four hours of IAA
treatment. IMC43"" expresses at equal levels -/+ IAA. Catalase is used as a loading control. C)
Western blots comparing expression levels of IMC43"T with the IMC43 deletion constructs
shown in Figure 4A. Catalase was used as a loading control. D) Western blots comparing
expression levels of IMC43VT with IMC4321441-1561 gnd |MC4341%62-1653 Catalase was used as a

loading control.
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Figure 2-S4. Most IMC43 deletion constructs localize normally to the daughter IMC.

IFAs showing that eight of the IMC43 deletion constructs colocalize with IMC43*P. Magenta
anti-OLLAS detecting IMC43 deletion constructs, Green = anti-HA detecting IMC43"". Scale

bars = 2 ym.

71



A E
| 2 1< RES
v o A
2 9q ¥ 23 I
Q Q Phase: A2-200 N Phase A640-799
[ONS) oy
o)
=2\ L =g
-+
-+
Phase A2-200 Phase AB640-799
B F_
§ g
25 25
Q% £A201-401 @3 Pase A800-1 031  IMC6
oy o<
8 ¥V
= s = (é | <1t )
+ + p
A201-401 Phase.  A800-1031 IMC6
C. G,
g ; i
2 ¢ 28
23 0402-494 Q3 Ph'hse«.;, A1032-1213
oy o
== =Q é
= S|
+ . T F
A402-494 A1032-1213
D H,
8 213
23 ’ 2 8|7
z _— < N - i
WENEllPhase  A495-660 B Il Phase (] A1222-1430
oy ¢ o) ~
238 =5\ EON
= , 1 g < d
+ y ,‘ + |+ | y
Phase | A495-660 Phase.  «| A1222-1430

Figure 2-S5. Most IMC43 deletion constructs rescue the morphological and replication
defects observed upon depletion of IMC43. IFAs showing that eight of the IMC43 deletion
constructs fully rescue the morphological and replication defects caused by depletion of IMC43.
Magenta = anti-OLLAS detecting IMC43 deletion constructs, Green = anti-IMC6. Scale bars = 2

um.
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Figure 2-S6. IMC44 is dispensable for the T. gondii lytic cycle and does not impact IMC43
localization. A) The endogenous locus for IMC44 was disrupted in the IMC44>™¢ parent strain.
IFA of Aimc44 parasites confirms loss of IMC44>¢ signal. Magenta = anti-Myc, Green = anti-
IMC6. B) PCR verification for genomic DNA of WT and Aimc44 parasites. Diagram indicates the
binding location of primers used to amplify the IMC44 coding sequencing (blue arrows) and the
site of recombination for the knockout (red arrows). C) Plaque assays of WT and Aimc44
parasites. D) Quantification of plaque size for plaque assays shown in panel D. Statistical
significance was determined using a two-tailed t test (ns = not significant). E) IFA showing
normal localization of IMC43 in Aimc44 parasites. Magenta = anti-Ty detecting IMC432Step3xTy,

Green = anti-IMC6. Scale bars = 2 ym.
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Figure 2-S7. Most IMC43 deletion constructs rescue the mislocalization of IMC44 caused
by depletion of IMC43. IFAs showing the localization of IMC44 in nine of the IMC43 deletion
lines. All nine shown in this figure rescue the mislocalization of IMC44. Magenta = anti-Myc

detecting IMC44¥™¢ Green = anti-IMC6. Scale bars = 2 ym.
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Figure 2-S8. Depletion of IMC32 has no effect on IMC43 localization. A) An mAID-3xTy
degron tag was fused to the C-terminus of IMC32 in a TIR1-expressing strain to facilitate
proteasomal degradation upon treatment with IAA. B) IFA of IMC32%'° parasites after 24 hours
of growth -/+ IAA. Depletion of IMC32 results in morphological and replication defects as
previously described [27]. Magenta = anti-Ty detecting IMC32*°, Green = anti-IMC6. C) IFA
showing the localization of IMC43 in IMC324° parasites after 24 hours of growth -/+ IAA. IMC43
is unaffected by depletion of IMC32. Magenta = anti-HA detecting IMC43*"A Green = anti-

IMC6. Scale bars = 2 uym.
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Figure 2-S9. Most IMC43 deletion constructs rescue the mislocalization of IMC32 caused
by depletion of IMC43. IFAs showing the localization of IMC32 in nine of the IMC43 deletion
lines. All nine shown in this figure rescue the mislocalization of IMC32. Magenta = anti-V5

detecting IMC32%V5, Green = anti-IMC6. Scale bars = 2 ym.
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Table 2-S1. Full IMC43™™°P mass spectrometry results. Full list of genes identified by mass
spectrometry in the IMC43™™°° experiment. Spectral counts are shown for each gene.
“Enrichment Diff’ refers to the difference between the average spectral count in IMC43™°'° gnd
control parasites. “Enrichment Fold” refers to the average spectral count for IMC43u°!D
samples divided by the average spectral count for control samples.

https://doi.org/10.1371/journal.ppat.1011707.s010

Table 2-S2. Full IMC43 Y2H screen results. Full list of genes identified by the Hybrigenics
Y2H screen. All clones identified for a specific gene are grouped. Clones that were found to be
out-of-frame are greyed out. Global PBS indicates the confidence score assigned to each clone
[40, 41].

https://doi.org/10.1371/journal.ppat.1011707.s011

Table 2-S3. Oligonucleotides used in this study.

https://doi.org/10.1371/journal.ppat.1011707.s012
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Chapter 3:

BCCO collaborates with IMC32 and IMC43 to form the Toxoplasma gondii
essential daughter bud assembly complex
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Abstract

Toxoplasma gondii divides by endodyogeny, in which two daughter buds are formed within
the cytoplasm of the maternal cell using the inner membrane complex (IMC) as a scaffold.
During endodyogeny, components of the IMC are synthesized and added sequentially to
the nascent daughter buds in a tightly regulated manner. We previously showed that the
early recruiting proteins IMC32 and IMC43 form an essential daughter bud assembly com-
plex which lays the foundation of the daughter cell scaffold in T. gondii. In this study, we
identify the essential, early recruiting IMC protein BCCO as a third member of this complex
by using IMC32 as bait in both proximity labeling and yeast two-hybrid screens. We demon-
strate that BCCO'’s localization to daughter buds depends on the presence of both IMC32
and IMC43. Deletion analyses and functional complementation studies reveal that residues
701-877 of BCCO are essential for both its localization and function and that residues 1-899
are sufficient for function despite minor mislocalization. Pairwise yeast two-hybrid assays
additionally demonstrate that BCCO’s essential domain binds to the coiled-coil region of
IMC32 and that BCCO and IMC43 do not directly interact. This data supports a model for
complex assembly in which an IMC32-BCCO subcomplex initially recruits to nascent buds
via palmitoylation of IMC32 and is locked into the scaffold once bud elongation begins by
IMC32 binding to IMC43. Together, this study dissects the organization and function of a
complex of three early recruiting daughter proteins which are essential for the proper
assembly of the IMC during endodyogeny.

Author summary

Toxoplasma gondii is an obligate intracellular parasite that causes severe and even fatal
disease in congenitally infected neonates and the immunocompromised. The parasite rep-
licates using an internal budding mechanism called endodyogeny, in which two daughter
buds form within the cytoplasm of a maternal parasite. Nascent daughter buds are scaf-
folded by the inner membrane complex (IMC), a unique organelle found in T. gondii and
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other parasites such as Plasmodium spp., the causative agent of malaria. Many proteins
that localize to the IMC of daughter buds have been identified, but only three of these pro-
teins are essential for parasite replication and survival: IMC43, IMC32, and BCCO. In this
study, we demonstrate that these three proteins exist in a complex, explore which features
of BCCO are critical for its localization and function, and develop a model for how the
complex is assembled. This work expands our understanding of how the foundation of
the early daughter buds is established during endodyogeny.

Introduction

Toxoplasma gondii is a protozoan pathogen that can infect any warm-blooded animal world-
wide [1]. T. gondii belongs to the Apicomplexa, a phylum of obligate intracellular parasites
that cause significant human morbidity and mortality including Plasmodium spp. (malaria)
and Cryptosporidium spp. (diarrheal disease) [2,3]. The phylum also includes important veteri-
nary pathogens such as Eimeria spp. (chicken coccidiosis) and Neospora caninum (neosporo-
sis) which cause economic loss in the livestock industry [4-6]. Approximately 30% of the
global human population is chronically infected with T. gondii [7]. Healthy individuals typi-
cally remain asymptomatic, but infection can result in severe or even fatal disease in immuno-
compromised individuals or congenitally-infected neonates [8-10]. Current treatments can
limit the acute disease but cannot clear the parasite from the host, resulting in lifelong chronic
infection [9]. To identify targets for the development of new therapeutics, a deeper under-
standing of the parasite’s unique biology is needed.

One unique feature of apicomplexan parasites is the inner membrane complex (IMC), a
specialized organelle that plays critical roles throughout the T. gondii lytic cycle [11]. The T.
gondii IMC underlies the parasite’s plasma membrane and has both membrane and cytoskele-
tal components. The first layer is a series of flattened vesicles called alveoli which are sutured
together in a quilt-like pattern [12]. Many IMC-localizing proteins associate with the mem-
branes of the alveoli using either transmembrane domains or acylation [13-17]. The second
layer of the IMC is composed of intermediate filament-like proteins called alveolins which
form a supportive mesh-like network [18,19]. Additional IMC proteins associate with the net-
work by binding to the alveolins [20,21]. Within the IMC, there are three distinct subdomains
that have different protein components and functions. At the apex of the parasite, a single
cone-shaped vesicle defines the apical cap. Proteins that localize specifically to this region of
the organelle such as AC9 and AC10 are required for host cell invasion [21,22]. The central
portion of the organelle is referred to as the IMC body. This portion of the organelle contains
proteins with a wide variety of functions such as maintaining parasite structure and hosting
the actin-myosin motor that facilitates parasite gliding motility [23,24]. Finally, the base of the
IMC contains a ring-shaped structure called the basal complex, which mediates bud constric-
tion at the conclusion of cell division [25]. Directly underneath the IMC there is an array of 22
subpellicular microtubules (SPMTs) which originate in the apical complex of the parasite and
extend approximately two-thirds of the way down the parasite body, providing further struc-
tural support [26].

One of the critical functions of the IMC is to act as a scaffold for developing daughter cells
during parasite replication. While the exact mechanism varies across the phylum, many api-
complexan parasites replicate using a unique process of internal budding in which two or
more daughter buds are formed within the cytoplasm of a maternal parasite [27,28]. The
human-infecting form of T. gondii replicates asexually using a form of internal budding called
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endodyogeny, in which two daughter buds are formed. Endodyogeny occurs in a series of
tightly regulated steps, and parasites within a single vacuole typically replicate synchronously
[27,29]. The first step of endodyogeny, bud initiation, occurs immediately after centrosome
duplication. During bud initiation, the daughter cell scaffold assembles on top of the centro-
some as early IMC proteins are recruited and the tubulin-based conoid and SPMTs are formed
[19,30-33]. As endodyogeny continues, the daughter buds elongate, driven by polymerization
of the SPMTs [34]. As buds approach maturation, the basal complex of the nascent daughter
buds constricts and the maternal IMC is degraded [25,35]. Finally, the two daughter buds
adopt the maternal plasma membrane and emerge as separate cells. Throughout this process,
IMC proteins are synthesized and recruited to the daughter cell scaffold sequentially in a “just
in time” manner, with some proteins appearing as early as bud initiation and others only
appearing after bud maturation is complete [19,36,37]. Interestingly, some IMC proteins have
been shown to localize only to the developing daughter buds and are removed during bud mat-
uration and emergence [14,19,38-40].

Until recent years, it was unclear which IMC proteins served as the essential foundation of
the organelle during endodyogeny. Several of the alveolins are thought to be essential, but
most of these proteins recruit after budding has already been initiated [19]. They are also
maintained in mature parasites where they play critical roles in maintaining cellular structure.
Other proteins such as IMC15, IMC29, FBXO1, and MORNT1 have been shown to recruit dur-
ing bud initiation and play important roles in endodyogeny, but all four of these can be geneti-
cally disrupted [19,38,41,42]. We recently identified two proteins, IMC32 and IMC43, that
form a complex in the early daughter cell scaffold and are essential for the stable assembly of
the IMC during endodyogeny [39,40]. We demonstrated that a domain towards the C-termi-
nus of IMC43 binds directly to the C-terminal coiled-coil (CC) domains of IMC32. While
IMC32 initially recruits independently of IMC43 during bud initiation, IMC43 binding was
found to be essential for the maintenance of IMC32’s localization during the middle and late
stages of endodyogeny. Since loss of either of these proteins results in a lethal inability to stably
assemble the daughter IMC, we termed this the IMC43-IMC32 essential daughter bud assem-
bly complex.

In this study, we set out to identify additional components of the IMC43-IMC32 essential
daughter bud assembly complex. Using IMC32 as bait in both proximity labeling and yeast
two-hybrid (Y2H) screens, we identify the essential early daughter IMC protein BCCO as the
third component of this complex and subsequently show that BCCO localization is dependent
on both IMC32 and IMC43. Deletion analyses and pairwise Y2H assays reveal that a domain
towards the N-terminus of BCCO is essential for both the protein’s localization and function
and for binding to its partner, IMC32. This work functionally connects the only three known
essential early daughter IMC proteins and expands our understanding of how the early daugh-
ter IMC is assembled during endodyogeny.

Results
Identification of candidate IMC32 binding partners

To identify additional components of the IMC43-IMC32 essential daughter bud assembly
complex, we used IMC32 as the bait in both a TurboID proximity labeling screen and a Y2H
screen [43-45]. For the TurbolID experiment, we fused sequences encoding a TurboID biotin
ligase along with a 3xHA epitope tag to the C-terminus of the IMC32 endogenous locus (Fig
1A). Immunofluorescence assay (IFA) confirmed that the IMC32T4™P fyygion protein local-
ized normally to the daughter IMC (Fig 1B). After four hours of treatment with biotin, daugh-
ter buds were robustly biotinylated, confirming that the biotin ligase was enzymatically active.
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Fig 1. TurboID and Y2H screens identify BCCO as a candidate IMC32 binding partner. A) Diagram of IMC32Turbell showing its
predicted palmitoylation site (Palm.), Ig-PH domain, and five coiled-coil (CC) domains. A 3xHA-tagged TurbolD biotin ligase was
added to the C-terminus of the protein. B) IFAs of IMC32""™°IP parasites after 0, 4, 8, or 24 hours of biotin treatment. Arrow points
to the endogenously biotinylated apicoplast in the-biotin control. Morphological defects are visible at the 8 and 24-hour time points.
Magenta = anti-HA detecting IMC32""™*°'°, Green = streptavidin. Scale bars = 2 um. C) Diagram of the IMC327® N-terminal LexA
fusion protein used for Y2H screening. D) Venn diagram comparing the genes identified in the TurboID and Y2H screens. All Y2H
hits that were not out-of-frame or antisense were included. TurbolD results were filtered to include only genes that were at least two-
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D = moderate confidence). “TurboID Ctrl/ Exp” column indicates the average spectral count for each gene in the control and
IMC32"°!® mass spectrometry results. “GWCS” refers to the phenotype score assigned to each gene in a genome-wide CRISPR/
Cas9 screen [65]. “Localization” column reports the known localization of each protein [14,38,46]. Localizations followed by
“(LOPIT)” indicate predicted localizations based on hyperplexed localization of organelle proteins by isotope tagging (hyperLOPIT)
[83].

https:/doi.org/10.1371/journal.ppat.1012411.9001

However, after eight hours of treatment with biotin, IMC32TurboID

phological defects which became more severe by 24 hours. To avoid issues with toxicity, we
treated parasites with biotin for five hours before harvesting and performing streptavidin affin-
ity chromatography and subsequent mass spectrometry analysis (S1 Table). Y2H screening
was performed by Hybrigenics Services using full-length IMC32 with the predicted palmitoy-
lation site at position 7 mutated to serine. This protein was cloned into the pB27 bait vector as
a LexA N-terminal fusion (IMC32“”5 pB27) and screened against the T. gondii RH strain
cDNA library to identify direct protein-protein interactions (Fig 1C and S2 Table). The results
of the IMC32 TurboID and Y2H screens were compared, resulting in the identification of four
candidate binding partners that were found in both approaches: a hypothetical protein
encoded by the gene ID TGGT1_280370, the essential early daughter IMC protein BCCO, the

parasites exhibited mor-
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apical cap protein AC7, and a 4’-phosphopantetheinyl transferase superfamily protein (Fig 1D
and 1E). BCCO was a high confidence hit in the Y2H screen and the sixth most enriched pro-
tein in the TurboID screen. In addition, it has previously been shown to localize to daughter
buds in a similar pattern to IMC32 and play an essential role in endodyogeny [38,46]. We
therefore selected it for further study.

BCCO0 depends on IMC32 and IMC43 for its localization to the daughter
IMC

BCCO is a large protein composed of 2,457 amino acids (Fig 2A) [47]. The protein is predicted
to contain a myristoylation site, three palmitoylation sites, and a coiled-coil (CC) domain at
the N-terminus of the protein [48-51]. Our Y2H screen determined that residues 570-899 of
BCCO were involved in the interaction with the bait protein IMC32 (S2 Table). To determine
the extent to which BCC0 and IMC32 colocalize, we endogenously tagged BCCO with a spa-
ghetti monster (sm) OLLAS epitope tag in an IMC32%"*P**¥ parent strain. IFA showed that
the two proteins exhibited near-perfect overlap during both bud initiation, when both proteins
appear as five distinct puncta arranged symmetrically, and mid-budding, when both proteins
appear as a series of five discontinuous longitudinal stripes along the body of the daughter
IMC (Fig 2B and 2C). To determine whether BCCO’s localization was dependent on either of
the other two proteins in the essential daughter bud assembly complex (Fig 2D), we endoge-
nously tagged BCCO in both the IMC32*™ and IMC43*™ strains [40,52,53]. After 24 hours of
indoleacetic acid (IAA) treatment, BCCO became severely mislocalized in both IMC32-de-
pleted and IMC43-depleted parasites (Fig 2E and 2F). Since IMC32’s localization is dependent
on binding to IMC43, this suggests that the complex assembles hierarchically.
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Fig 2. BCCO requires both IMC32 and IMC43 for its localization to the daughter IMC. A) Diagram of BCCO showing its
predicted myristoylation site at residue 2 (Myr.), predicted palmitoylation sites at residues 10, 11, and 17 (Palm.), predicted coiled-
coil domain at residues 9-52 (CC), and IMC32-binding region at residues 570-899 identified by Y2H screening (Y2H). An
smOLLAS tag was added to the C-terminus of the protein. B-C) IFAs showing that BCCO and IMC32 colocalize closely in the
daughter IMC during both bud initiation and mid-budding. Magenta = anti-OLLAS detecting BCCO*™°"*5, Green = anti-Ty
detecting IMC3228uep3xly ) Diagram of the essential daughter bud assembly complex composed of IMC43, IMC32, and BCCO. E)
IFA of IMC32*'P parasites grown -/+ IAA for 24 hours showing that depletion of IMC32 causes BCCO to mislocalize to the
cytoplasm but remain slightly enriched at daughter buds (arrows). Magenta = anti-OLLAS detecting BCCO*™°"*S, Green = anti-
IMC6. F) IFA of IMC43*' parasites grown -/+ IAA for 24 hours showing that depletion of IMC43 causes BCCO to mislocalize to the
cytoplasm but remain slightly enriched at daughter buds (arrows). Magenta = anti-OLLAS detecting BCCO*™°"*S, Green = anti-
IMC6. Scale bars = 2 pm.

https://doi.org/10.1371/journal.ppat.1012411.9002
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Fig 3. BCCO knockdown does not affect the localization of IMC32 or IMC43. A) Diagram depicting the ATc-regulatable
transcriptional repression system used for BCCO knockdown. The endogenous promoter for BCCO was replaced with a
TetO7-SAG4p minimal promoter in a BCCO*"P**1Y strain expressing the Tati transactivator. B) IFA of BCCOX parasites grown
-/+ ATc for 24 hours showing that knockdown of BCCO results in severe morphological defects. Magenta = anti-Ty detecting
BCCO™P, Green = anti-IMC6. C) Western blot and quantification showing that BCCO™® is 93% depleted after 24 hours of ATc
treatment. D) Plaque assays show that both plaque number and size are significantly reduced when BCCO is knocked down. Statistical
significance was determined using a two-tailed t-test (****, P < 0.0001). E) IFA of BCCOP parasites grown -/+ ATc for 24 hours
showing that knockdown of BCCO does not affect IMC32 localization. Magenta = anti-Myc detecting IMC32*™, Green = anti-
IMCS6. F) IFA of BCCO®" parasites grown -/+ ATc for 24 hours showing that knockdown of BCCO does not affect IMC43
localization. Magenta = anti-HA detecting IMC43*™"*, Green = anti-IMC6. Scale bars = 2 um.

https://doi.org/10.1371/journal.ppat.1012411.9003

We next wanted to determine how loss of BCCO would affect the localization of IMC32 and
IMC43. We initially tried to use the auxin-inducible degron (AID) system, but endogenously
tagging BCCO with either the mAID™ or the mIAA7*" degron resulted in insufficient
knockdown (S1 Fig) [54]. Thus, we utilized a transcriptional repression system to study BCCO
[55,56]. To do this, we endogenously tagged BCCO with a 2xStrep3xTy epitope tag in an
RHAku80-Tati-HXGPRT parent strain, then replaced the endogenous promoter with a
TetO7-SAG4 minimal promoter (BCCOKP) (Fig 3A). Treatment with anhydrotetracycline
(ATc) for 24 hours caused the protein to be knocked down to an undetectable level by IFA and
resulted in severe morphological defects, as expected based on published data (Fig 3B) [46].
Western blot confirmed that 24 hours of ATc treatment resulted in a 93% reduction in the
level of BCCO expression (Fig 3C). Plaque assays demonstrated that knockdown of BCCO led
to a severe 92% reduction in plaque number and an 80% reduction in plaque size (Fig 3D).
These few small plaques are likely formed due to the incomplete knockdown observed by west-
ern blot (Fig 3C). To determine the effect of BCCO knockdown on IMC32 and IMC43, we
endogenously tagged IMC32 with a 3xMyc tag and IMC43 with an smHA tag in the BCCO™*"
strain. IFA demonstrated that despite the severe morphological defects observed in these para-
sites, IMC32 and IMC43 localization remained unaffected (Fig 3E and 3F).
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Residues 701-877 are essential for BCCO localization and function

Since BCCO is a large protein with no identifiable functional domains or homology to known
proteins, we next wanted to determine which regions of the protein are important for its locali-
zation and function. To do this, we created a series of 12 smHA-tagged constructs for func-
tional complementation studies (Fig 4A). These included the full-length protein (BCCOW™) as
a control and 11 mutant proteins each containing a deletion of approximately 150-300 amino
acids. Regions for the deletions were chosen based on conservation with N. caninum and pre-
dicted secondary structure (S2 Fig) [57]. Each construct was driven by the endogenous pro-
moter for BCCO and contained flanking regions for integration at the UPRT locus in a
BCCO™OMAS strain (Fig 4B). Localization was assessed by co-staining for the smHA-tagged
construct and wild-type BCCO™ ™45, We then attempted to disrupt the endogenous BCCO
locus in each of these strains. Successful knockouts were assessed by IFA and plaque assay to
determine whether each deletion could fully complement the function of wild-type BCCO.

BCC0Y™ and 10 of the deletion constructs colocalized perfectly with endogenous
BCCO™OMAS (Figs 4C and S3). However, BCC0*7"'*”” became severely mislocalized with
most of the protein being mistargeted to the cytoplasm, although there was a slight enrichment
at daughter buds (Fig 4D). Attempts to disrupt the endogenous BCCO locus in the BCC0*™°%
LAS 4+ BCCOA*' %77 strain were unsuccessful, indicating that this region of the protein is likely
required for its function. We were able to successfully disrupt the BCCO locus in the BCC0™ ™
strain and all other deletion strains, which was confirmed by both PCR verification and IFA
showing loss of the BCC0O*™ S signal (S4 Fig). No obvious morphological defects were
observed for any of these strains, although the Abcc0 + BCC0*'7°77® strain often exhibited
desynchronized endodyogeny, suggesting possible dysregulation (Fig 4E-40). Plaque assays
demonstrated that BCC0™ ™ and all deletions except for BCC0*'7°~>7 were sufficient to main-
tain normal growth (Fig 4P). The AbccO + BCC0*'7°7 strain exhibited a significant 32%
reduction in plaque size, indicating this region likely plays a minor role in the function of
BCCO. The A2-169 and A376-569 deletions, which flank this region, exhibited modest but
nonsignificant reductions in plaque size (17% and 12%, respectively).

Since we were unable to disrupt the endogenous BCCO locus in the BCCO™° AS
+ BCC0*°"%77 strain, we integrated the BCCO™™ and BCC0*"°1~%77 constructs at the UPRT
locus in the BCCO™P strain and used IFA and plaque assays to assess whether each construct
could rescue the defects observed upon BCCO knockdown (Fig 5A and 5B). While the
BCCO™™ construct was able to fully rescue the morphological defects observed by IFA, the
BCC0*7'877 construct could not (Fig 5C and 5D). Knockdown of BCCOKP resulted in an
83% reduction in plaque efficiency and a 62% reduction in plaque size (Fig 5E and 5F). Both of
these defects were slightly more modest than what we previously observed, suggesting that the
leaky expression of BCCOX® may have increased over time (Fig 3C and 3D). The BCCO™ ™
construct restored plaque size to approximately 80% the size of plaques formed by untreated
parasites, as expected based on ATc toxicity in wild-type parasites (Figs 5E and S5) [40]. The
BCCO0%* %77 construct completely failed to rescue the defect in both plaque efficiency and pla-
que size caused by knockdown of BCCO™P, confirming that this region is essential for both
the localization and function of BCCO (Fig 5E and 5F).

Residues 1-899 are sufficient for BCCO function

Since only residues 701-877 are necessary for BCCO function, we wondered how much of the
protein was sufficient for its function. To determine this, we began by making C-terminal
truncations of the protein at its endogenous locus. We found that BCCO was able to be trun-
cated at residue 1519 (BCC0' ") without having any effect on the protein’s localization
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Fig 4. BCCO residues 701-877 are required for localization and residues 170-375 have a minor impact on function. A)
Diagram showing the 12 constructs used for functional complementation of BCCO. All 12 constructs were driven by the
endogenous promoter for BCCO and include a C-terminal smHA tag. “Myr.” = predicted myristoylation site. “Palm.” =
predicted palmitoylation sites. “Y2H” = IMC32-binding region identified by Y2H screen. B) Workflow used to assess the effect
of each region of BCCO on the protein’s localization and function. C) IFA of BCCO™"4S 4+ BCC0"™ parasites showing that
BCCO" " localizes normally. Magenta = anti-HA detecting BCCO""*, Green = anti-OLLAS detecting BCCO™°"-45, D) IFA of
BCCO™OMAS 1 BCC0** 77 parasites showing that BCC0*7*'~%"7 severely mislocalizes to the cytoplasm and is slightly
enriched at daughter buds (arrows). Magenta = anti-HA detecting BCC0*”*'™*7, Green = anti-OLLAS detecting endogenous
BCCO™OMS E) IFA of AbecO + BCCO™ ™ parasites which exhibit no obvious morphological defects. Magenta = anti-HA
detecting BCCO"™, Green = anti-IMC6. F-O) IFAs for all deletion strains in which endogenous BCC0O*™O4S was successfully
disrupted. BCC0*7°*"*”7 is not shown because endogenous BCCO*™°M45 was unable to be disrupted in this background. Panel
G shows Abcc0 + BCCO*'7°7*7° parasites undergoing desynchronized endodyogeny. An arrowhead indicates a parasite at the
early budding stage, arrows indicate parasites at the mid-budding stage, and an asterisk indicates a parasite at the late budding
stage. Magenta = anti-HA detecting BCCO deletions, Green = anti-IMC6. P) Plaque assays for all deletion strains in which
endogenous BCCO™OM4S was successfully disrupted. BCC0*”*' "7 is not shown because endogenous BCCO™4S was
unable to be disrupted in this background. Only the Abcc0 + BCC0*'7°~7® strain exhibited a significant reduction in plaque
size. Statistical significance was determined by one-way ANOVA comparing each strain to BCCO™O4S (*** p < 0.001;

ns = not significant). Scale bars for all IFAs = 2 um.

https://doi.org/10.1371/journal.ppat.1012411.g004

(Fig 6A). Truncation at residue 899 (BCC0'®*?) resulted in partial mislocalization of the pro-
tein, which was most apparent in the later stages of endodyogeny (Fig 6B). Despite this partial
mislocalization, this truncated protein did not exhibit a fitness defect (Fig 6C). Since any fur-
ther truncation would disrupt the essential domain within residues 701-877, we next asked
whether additional deletions could be made at the N-terminus of the protein. To determine
this, we designed four constructs containing residues 170-899, 376-899, 570-899, and 701-
899 and integrated them at the UPRT locus in a wild-type BCCO*™ ™45 strain (Fig 6D). As we
had done previously for our initial deletion series, we assessed the localization of each of these
mutant proteins and then disrupted the endogenous BCCO locus to assess its function (Fig
6E). All four mutant proteins severely mislocalized to the cytoplasm (S6A-S6D Fig). Surpris-
ingly, despite this, we were able to successfully disrupt the endogenous BCCO locus in all four
of these strains, which was confirmed by IFA and PCR (Figs 6F-6I and S6E). Each of the four
mutant strains exhibited obvious morphological and replication defects and a severe reduction
in plaque size (Fig 6F-6]). Thus, while just the essential domain of BCCO (BCCO™1%) is suffi-
cient for parasite survival, only BCC0'** is sufficient for full function of the protein.

BCCO0’s essential domain binds to IMC32’s coiled-coil domains

Finally, we wanted to use pairwise Y2H assays to determine which region of IMC32 is involved
in binding to BCCO and to determine whether there are any direct interactions between BCCO
and IMC43. We divided BCCO into four fragments: BCC0>>%, BCC0>"***°, BCC0°**'*"7, and
BCCO'882%7 (Fig 7A). For IMC32 and IMC43, we used the same fragments that we had previ-
ously used in our investigation of IMC32-IMC43 binding interactions [40]. Each fragment
was cloned into either a pB27 (LexA) bait vector or a pP6 (GAL4 activation domain) prey vec-
tor. We then co-transformed all 12 possible combinations of the IMC32 and BCCO bait and
prey vectors into yeast and tested each strain’s ability to grow on permissive and restrictive
media (Fig 7B). Four of the combinations could not be tested because both fragments were
auto-activating in the context of the pB27 vector. Of the remaining eight strains, only the strain
expressing BCC0*”° %% and IMC32°*“™ was able to grow on restrictive media, indicating that
BCCO’s essential domain binds to IMC32 at its C-terminal coiled-coil domains. To determine
whether BCCO directly binds to IMC43, we performed the same experiments with all 12 com-
binations of IMC43 and BCCO bait and prey vectors. All 12 strains grew robustly on permissive
media and were not auto-activating, but none grew on permissive media, indicating that there
are no direct interactions between these two proteins (Fig 7C).
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https://doi.org/10.1371/journal.ppat.1012411.g005

Discussion

In this study, we identified the essential daughter IMC protein BCCO as a binding partner of
IMC32 and a third component of the essential daughter bud assembly complex (Fig 8A).
Using a combination of deletion constructs integrated at an exogenous locus and C-terminal
truncations at the endogenous locus, we were able to interrogate how the loss of different
regions of BCCO impacts the protein’s localization and function. One surprising result was
that BCC0**™'%, which lacks the predicted N-terminal acylation sites, was able to localize to
the daughter IMC and function normally. Several IMC proteins such as IMC32, ISP1-4,
GAP45, and HSP20 have been shown to depend on their predicted acylation sites for localiza-
tion to the IMC [16,17,39,58,59]. However, MORNI has a predicted palmitoylation site which
has been shown to be dispensable for its localization to the basal complex. It is possible that
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complemented with each of the constructs shown in D. All four constructs severely mislocalize, and only BCC0'7® enriches at daughter buds
(arrow). Magenta = anti-HA detecting BCCO deletions, Blue = anti-OLLAS detecting endogenous BCCO*™ 45, Green = anti-IMC6. J) Plaque
assays comparing the size of plaques formed by wild-type BCCO™O"-4S parasites with that of Abcc0 parasites complemented with the constructs
shown in D. Statistical significance was determined by one-way ANOVA comparing each strain to BCCO™ "4 (**** P < 0.0001; ns = not
significant). Scale bars for all IFAs = 2 pm.

https://doi.org/10.1371/journal.ppat.1012411.9006

these predicted sites on BCCO are not actually acylated [42]. Alternatively, BCCO could have
bona fide acylation sites which only serve as secondary means of tethering to the IMC.

Our deletion series revealed that residues 701-877 of BCCO are essential for both its locali-
zation and function. Since these residues are contained within the region which we found to
be sufficient for IMC32 binding by pairwise Y2H assays and depletion of IMC32 also causes
mislocalization of BCCO, this suggests BCCO is primarily targeted to the daughter cell scaffold
by binding to IMC32. We were surprised to find that BCCO could be truncated down to resi-
due 899 with only minor effects on the protein’s localization and no impact on the protein’s
function. Even more surprisingly, expression of just the essential domain of BCCO, residues
701-877, was sufficient for parasite viability, although the protein was severely mislocalized
and these parasites exhibited defects in growth and morphology. This suggests that a small
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Fig 7. BCCO residues 570-899 bind to IMC32’s C-terminal coiled-coil domains. A) Diagram of the fragments of BCCO,
IMC32, and IMC43 used for pairwise Y2H assays. Residues included in each fragment are indicated. “Myr.” = predicted
myristoylation site. “Palm.” = predicted palmitoylation site. “CC” = coiled-coil domain. “LOC” = IMC43 localization
domain. “EID” = IMC43 essential interaction domain. B) Pairwise Y2H assays testing for binding between fragments of
BCCO and IMC32. Pairs of fragments that were unable to be tested due to auto-activation of both fragments in the pB27
vector are indicated. Growth on permissive (-L/W) media indicates the presence of both the pB27 and pP6 bait and prey
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Pairwise Y2H assays testing for binding between fragments of BCCO and IMC43.
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PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012411  July 18, 2024

90



PLOS PATHOGENS The T. gondiiIMC43-IMC32-BCCO essential daughter bud assembly complex

A Loc IMC43 [£:0 [

binding

Palm CC
[IMC32 1g-PH 1213 [ 4 5

binding

EX BCCO

Myr. Paim. CC

Key: 1) Pre-Bud Initiation 2) Bud Initiation
. |MC43 G conoid
O MC32 ® @ ® (€} O apical cap
@ BCCO ) o @
\ Paim. @ ® e 40080005000
N Binding| @ g o o ®
©
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bud initiation (step 1) expression of IMC43, IMC32, and BCCO0 increases. IMC32 and BCCO bind to each other at this
point. During bud initiation (step 2) IMC43 recruits to the early daughter cell scaffold independently. IMC32 is
recruited to the membranes of the early daughter cell scaffold via palmitoylation. BCCO remains bound to IMC32.
During early bud elongation (step 3), IMC32 binds to IMC43, securely locking it into the daughter cell scaffold. BCCO
remains bound to IMC32. Short stripes of IMC32 and BCCO can be seen at this point, which become more prominent
as bud elongation continues (step 4).

https://doi.org/10.1371/journal.ppat.1012411.9008

percentage of BCC0”%'** is able to localize to the daughter cell scaffold and provide sufficient

function to support viability. Since Abcc0 + BCC0'7** and Abec0 + BCC07°'** phenocopy
each other, it could be possible that BCCO’s primary function is carried out by the essential
domain within residues 701-877, while a secondary function is carried out by residues 2-169.
However, the fact that the BCC0*?~*%° mutant was fully functional makes this less likely.
Another possibility is that these proteins are more prone to misfolding due to the very large
deletions on both the N- and C-termini of the protein. While interpretation of this portion of
the data is difficult, the data from the original deletion series and endogenous C-terminal trun-
cations clearly demonstrates that residues 701-877 are necessary and residues 1-899 are suffi-
cient for the function of BCCO.

The data presented in this study and our previous work supports a hierarchical recruitment
model for the essential IMC43-IMC32-BCCO0 daughter bud assembly complex (Fig 8B). In our
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initial studies of IMC32, we demonstrated that mutation of the predicted palmitoylation site
causes IMC32 to mislocalize to the cytoplasm [39]. In our recent work in which we identified
the IMC43-IMC32 complex, we also demonstrated that IMC32 localizes independently during
bud initiation, but once bud elongation begins, IMC32 must bind to IMC43 in order to main-
tain its striped localization [40]. The data that we present in this study shows that BCCO
becomes mislocalized upon depletion of either IMC32 or IMC43 and that its localization is
dependent on its IMC32-binding domain. Together, these data suggest that IMC32 and BCCO
bind to each other either prior to or during bud initiation and recruit to the early daughter cell
scaffold via palmitoylation of IMC32. Then, once bud elongation begins, IMC32 binds to
IMC43, locking the IMC32-BCCO0 subcomplex into the daughter cell scaffold. It remains
unclear how IMC43 is recruited to the developing daughter cell scaffold since it localizes nor-
mally in the absence of either IMC32 or BCCO and does not contain any transmembrane
domains or predicted acylation sites. It may bind to another IMC protein to tether it to either
the alveoli or the cytoskeletal network of the developing daughter bud. Our previous IMC43
Y2H screen identified 28 additional candidate IMC43-binding partners. Future studies will be
needed to explore these proteins. Additionally, the stoichiometry of the IMC43-IMC32-BCCO
complex is unclear. It is possible that the complex forms in a 1:1:1 manner, but it is also possi-
ble that one or more of the proteins is overrepresented in the complex, potentially allowing for
multiple configurations. This would likely be resolved by structural studies of the complex.

Although our work has demonstrated the critical importance of the IMC43-IMC32-BCC0
daughter bud assembly complex and has yielded a model for how each component is recruited,
the precise function of the complex remains unknown. Loss of any of the three complex com-
ponents results in both severe defects in IMC morphology and dysregulation of endodyogeny
[39,40,46]. Engelberg et al. additionally observed that loss of BCCO led to subtle defects in the
formation of the basal complex and apical annuli on developing daughter buds, although nei-
ther structure was fully disrupted [46]. Our previous work demonstrated that basal complex
formation is unaffected by loss of IMC43, so it is possible that the IMC32-BCCO0 subcomplex
plays a role in recruiting MORNT1 to the basal complex during bud initiation, before IMC43
joins the complex. This hypothesis is further supported by the different localizations of each
protein during bud initiation. At this stage, both IMC32 and BCCO are present in five distinct
puncta which Engelberg et al. showed lie directly on top of the developing basal complex
[39,46]. IMC43, on the other hand, appears as a slightly smaller continuous ring that lies
slightly apical to the IMC32-BCCO puncta [40]. Recent work has demonstrated that during
bud initiation, the 22 subpellicular microtubules originally appear as five bundles of microtu-
bulesina 4+ 4 + 4 + 4 + 6 configuration [30,60]. The fact that both the IMC32-BCCO0 subcom-
plex and the nascent SPMTs exhibit the same 5-fold symmetry strongly suggests a functional
relationship between these structures. We previously demonstrated that loss of IMC32 does
not prevent formation of the conoid or SPMTs [39], but it could be possible that the five bun-
dles of SPMTs act as a foundation for the formation of the IMC32-BCCO puncta. In future
studies it will be intriguing to explore how disruption of the SPMTs at this stage affects locali-
zation of the IMC32-BCCO subcomplex using higher resolution techniques such as ultrastruc-
ture expansion microscopy.

Another outstanding question is how the essential daughter bud assembly complex is regu-
lated. Our model suggests that IMC43 does not bind to IMC32 until after bud elongation has
begun. How the timing of this binding event is controlled remains unknown. IMC43, IMC32,
and BCCO all have multiple phosphorylation sites which could represent possible means of
regulation [61]. Our IMC43 Y2H screen identified three kinases (SRPK, CDPK7, and Ark3)
and one phosphatase (PPKL) as candidate binding partners. CDPK7, Ark3, and PPKL have all
been shown to play important roles in T. gondii endodyogeny [62-64]. SRPK has not been
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studied, but its phenotype score suggests it may be essential [65]. Exploring how the activity of
these enzymes affects the localization or function of IMC43 and its partners will be an interest-
ing topic of future studies. Identification of additional complex components or regulatory pro-
teins could be achieved by performing TurboID proximity labeling and Y2H screening using
BCCO as bait. BCCO’s large size may make Y2H screening challenging due to toxicity, which
we observed for IMC43. However, use of an inducible bait vector circumvented this problem
for IMC43 and is likely to be successful for BCCO as well [40]. Alternatively, since residues
1-899 are sufficient for the function of BCCO, it may be more practical to use the truncated
protein as bait in a Y2H screen.

Together, the data reported in this study identifies the essential daughter IMC protein
BCCO as the third component of the IMC43-IMC32-BCC0 daughter bud assembly complex
and presents a model for how the complex is formed. The functional complementation studies
of BCCO also demonstrate that despite its large size, much of the protein is dispensable and its
critical functions are carried out by an essential interaction domain, similar to what we previ-
ously observed for IMC43 [40]. As this complex is foundational for the construction of T. gon-
dii daughter buds during endodyogeny, a parasite-specific biological function, deepening our
understanding of the function and regulation of this complex is likely to facilitate the identifi-
cation of novel therapeutic targets for this important pathogen.

Materials and methods
T. gondii and host cell culture

Parental T. gondii RHAhxgprtAku80 (wild-type) and subsequent strains were grown on conflu-
ent monolayers of human foreskin fibroblasts (HFFs) (BJ, ATCC, Manassas, VA) at 37°C and
5% CO, in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 5% fetal bovine
serum (Gibco), 5% Cosmic calf serum (Hyclone), and 1x penicillin-streptomycin-L-glutamine
(Gibco). Constructs containing selectable markers were selected using 1 uM pyrimethamine
(dihydrofolate reductase-thymidylate synthase [DHFR-TS]), 50 ug/mL mycophenolic acid-
xanthine (HXGPRT), or 40 uM chloramphenicol (CAT) [66-68]. Homologous recombination
to the UPRT locus was negatively selected using 5 uM 5-fluorodeoxyuridine (FUDR) [69].
Knockdown of AID strains was performed by treating parasites with 0.5 mM IAA (Millipore
Sigma, 12886). Knockdown of the BCC0OP strain was performed by treating parasites with

1 ug/mL ATc (Millipore Sigma, 37919).

Antibodies

The HA epitope was detected with mouse monoclonal antibody (mAb) HA.11 (BioLegend;
901515). The Ty1 epitope was detected with mouse mAb BB2 [70]. The c-Myc epitope was
detected with mouse mAb 9E10 [71]. The OLLAS epitope was detected with rat mAb anti-
OLLAS [72]. Toxoplasma-specific antibodies include rabbit pAb anti-IMC6 [20] and rabbit
anti-Catalase [73].

Endogenous epitope tagging and knockout

For C-terminal endogenous tagging, a pU6-Universal plasmid containing a protospacer
against the 3’ untranslated region (UTR) of the target protein approximately 100 bp down-
stream of the stop codon was generated, as described previously [74,75]. A homology-directed
repair (HDR) template was PCR amplified from the Aku80-dependent LIC vector
pmAID3xHA.LIC-HXGPRT, pmAID3xTy.LIC-HXGPRT, p3xHA.LIC-DHFR, p3xMyc.
LIC-DHEFR, p2xStrep3xTy.LIC-CAT, p2xStrep3xTy.LIC-HXGPRT, psmOLLAS.LIC-DHFR,
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psmHA.LIC-DHEFR, or pTurbolD3xHA.LIC-DHEFR, all of which include the epitope tag, 3’
UTR, and a selection cassette [76]. The 60-bp primers include 40 bp of homology immediately
upstream of the stop codon or 40 bp of homology within the 3’ UTR downstream of the
CRISPR/Cas9 cut site. For C-terminal truncations at the endogenous locus, the forward
primer for amplifying the HDR template was designed using 40 bp of homology within the
gene’s coding sequence. Primers that were used for the pU6-Universal plasmid as well as the
HDR template are listed in S3 Table (primers P1-P14).

For knockout of BCCO, the protospacer was designed to target an intron within the BCCO
locus, ligated into the pU6-Universal plasmid, and prepared similarly to the endogenous tag-
ging constructs. The HDR template was PCR amplified from a pJET vector containing the
HXGPRT drug marker driven by the NcGRA7 promoter using primers that included 40 bp of
homology immediately upstream of the start codon or 40 bp of homology downstream of the
region used for homologous recombination for endogenous tagging of BCCO (primers
P15-P18).

For all tagging and knockout constructs, approximately 50 pg of the sequence-verified
pU6-Universal plasmid and the PCR-amplified HDR template were electroporated into the
appropriate parasite strain. Transfected cells were allowed to invade a confluent monolayer of
HEFFs overnight, and appropriate selection was applied. Successful tagging or knockout was
confirmed by IFA, and clonal lines were obtained through limiting dilution. Knockout of
BCCO was verified by PCR using primers P19-P22.

Generation of BCCOXP strain

BCCO0 was endogenously tagged with a 2xStrep3xTy epitope tag in an RHAku80-Tati-
HXGPRT parent strain as described above. To replace the endogenous promoter with an ATc-
regulatable promoter, a pU6-Universal plasmid containing a protospacer against the 5 UTR of
BCCO approximately 250 bp upstream of the start codon was generated, as described previ-
ously [74,75]. The HDR template was PCR amplified from the pDHFR-TetO7-SAG4p vector
using primers which included 40 bp of homology approximately 1 kb upstream of the start
codon and 40 bp of homology immediately downstream of the start codon. Primers that were
used for the pU6-Universal plasmid and the HDR template are listed in S3 Table (primers
P23-P26). Clones were screened by IFA -/+ ATc (1 ug/mL). A clonal strain that was Ty-posi-
tive in the -ATc condition and Ty-negative in the +ATc condition was isolated and designated
as BCCOKP,

Knock-in of BCCO complementation constructs

The BCCO endogenous promoter (EP) was amplified from genomic DNA using primers P27
and P28. The BCCO coding region was PCR amplified from cDNA using primers P29 and P30.
The smHA tag was PCR amplified from psmHA.LIC-DHFR using primers P31 and P32. The
entire plasmid except for the IMC32 promoter, coding region, and 3xHA tag was amplified
from pUPRTKO-EP-IMC32""-3xHA using primers P33 and P34 [39]. The four fragments
were ligated using Gibson assembly to create pUPRTKO-EP-BCCO" “-smHA (BCCO™ ™).
This complement vector was then linearized with Psil-HFv2 and transfected into BCC0*™°™
LAS or BCCOXP parasites along with a pU®6 that targets the UPRT coding region. Selection was
performed with 5 pg/mL 5-fluorodeoxyuridine (FUDR) for replacement of UPRT. Clones
were screened by IFA, and an smHA-positive clone was isolated. BCC0™ ™ was used as the
template to generate all deletion constructs using Q5 site-directed mutagenesis with primers
P35-P64 (E0552S, NEB). The same processes for linearization, transfection, and selection were
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followed for all deletion and mutant constructs. All restriction enzymes were purchased from
NEB.

Immunofluorescence assay

Confluent HFF cells were grown on glass coverslips and infected with T. gondii. After 24
hours, the coverslips were fixed with 3.7% formaldehyde in PBS and processed for immunoflu-
orescence as described [77]. Primary antibodies were detected by species-specific secondary
antibodies conjugated to Alexa Fluor 594/488/405 (ThermoFisher). Coverslips were mounted
in Vectashield (Vector Labs), viewed with an Axio Imager.Z1 fluorescent microscope, and pro-
cessed with ZEN 2.3 software (Zeiss).

Western blot

Parasites were lysed in 1x Laemmli sample buffer with 100 mM DTT and boiled at 100°C for 5
minutes. Lysates were resolved by SDS-PAGE and transferred to nitrocellulose membranes,
and proteins were detected with the appropriate primary antibody and corresponding second-
ary antibody conjugated to horseradish peroxidase. Chemiluminescence was induced using
the SuperSignal West Pico substrate (Pierce) and imaged on a ChemiDoc XRS+ (Bio-Rad).
Signal intensity was quantified using ImageLab. The adjusted volume of the Ty band (detecting
BCCOP) relative to the adjusted volume of the corresponding catalase loading control band
was plotted. Raw data for western blot quantification is shown in S4 Table.

Plaque assay

HFF monolayers were infected with 100-400 parasites and allowed to form plaques for 7 days.
Cells were then fixed with ice-cold methanol and stained with crystal violet. All plaque assays
were performed in triplicate. To quantify plaque number, the total number of plaques in each
condition was counted manually. Plaque efficiency was calculated by dividing the number of
plaques formed by the number of parasites infected in each replicate. The number of plaques
or plaque efficiency for each replicate was plotted, and error bars were used to show standard
deviation. To quantify plaque size, the areas of 30-50 plaques per condition were measured
using ZEN software (Zeiss). BCCOXP and BCCOKP + BCCO*7°1-877 parasites that were treated
with ATc exhibited a severe defect in plaque efficiency (<8%). For these experiments, all pla-
ques formed were measured. The mean plaque size for each replicate was plotted, and error
bars were used to show standard deviation. Graphical and statistical analyses were performed
using Prism GraphPad 8.0. Raw data for plaque assays is shown in S4 Table.

Affinity capture of biotinylated proteins

For affinity capture of proteins from whole cell lysates, HFF monolayers infected with
IMC32™°I° or control parasites (RHAhxgprtAku80, WT) were grown in normal media for
25 hours. Then, the media was supplemented with 150 (M biotin and parasites were allowed
to grow for an additional 5 hours. Intracellular parasites in large vacuoles were collected by
manual scraping, washed in PBS, and lysed in radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris [pH 7.5], 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40) sup-
plemented with Complete Protease Inhibitor Cocktail (Roche) for 30 min on ice. Lysates were
centrifuged for 15 min at 14,000 x g to pellet insoluble material, and the supernatant was incu-
bated with Streptavidin Plus UltraLink resin (Pierce) overnight at 4°C under gentle agitation.
Beads were collected and washed five times in RIPA buffer, followed by three washes in 8 M
urea buffer (50 mM Tris-HCI [pH 7.4], 150 mM NacCl) [78]. Samples were submitted for on-
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bead digests and subsequently analyzed by mass spectrometry. The experiment was performed
in duplicate.

Mass spectrometry of biotinylated proteins

Purified proteins bound to streptavidin beads were reduced, alkylated, and digested by sequen-
tial addition of Lys-C and trypsin proteases. Samples were then desalted using C18 tips (Pierce)
and fractionated online using a 75-um inner-diameter fritted fused silica capillary column
with a 5-pm pulled electrospray tip and packed in-house with 25 cm of C18 (Dr. Maisch
GmbH) 1.9-um reversed-phase particles. The gradient was delivered by a 140-minute gradient
of increasing acetonitrile and eluted directly into a Thermo Orbitrap Fusion Lumos instru-
ment where MS/MS spectra were acquired by Data Dependent Acquisition (DDA). Data anal-
ysis was performed using ProLuCID and DTASelect2 implemented in Integrated Proteomics
Pipeline IP2 (Integrated Proteomics Applications) [79-81]. Database searching was performed
using a FASTA protein database containing T. gondii GT1-translated open reading frames
downloaded from ToxoDB. Protein and peptide identifications were filtered using DT ASelect
and required a minimum of two unique peptides per protein and a peptide-level false positive
rate of less than 5% as estimated by a decoy database strategy. Candidates were ranked by spec-
tral count comparing IMC32"9°IP versus control samples [82]. The results were filtered to
include only genes that had at least a two-fold enrichment and a difference of at least 5 when
comparing the average spectral counts identified in the IMC32"""**' and control samples.

Yeast two-hybrid

Y2H screening was performed by Hybrigenics Services as previously described [44,45]. Briefly,
the full-length coding sequence of IMC32%” was cloned into the pB27 vector (N-LexA-bait-C
fusion) and transformed in yeast. This construct was screened for interactions against the T.
gondii RH strain cDNA library with 23 million interactions tested. Confidence for each inter-
action was assessed algorithmically (Predicted Biological Score, PBS). Results were filtered to
exclude any interactions with antisense or out-of-frame prey proteins.

For pairwise Y2H assays, fragments of BCC0, IMC32, and IMC43 were cloned into the
pB27 (N-LexA-bait-C fusion) or pP6 (N-GAL4*P-prey-C fusion) vectors (Hybrigenics Ser-
vices) as N-terminal fusions with the LexA DNA binding domain or GAL4 activation domain,
respectively. All pB27 and pP6 constructs were cloned by Gibson Assembly or Q5 site-directed
mutagenesis using primers P65-P134. Pairs of pB27 and pP6 constructs were co-transformed
into the L40 strain of S. cerevisiae [MATa his3D200trp1-901 leu2-3112 ade2 LYS2::(4lexAop-
HIS3) URA3:(8lexAop-lacZ) GAL4]. Strains were grown overnight in permissive (-Leu/-Trp)
medium, normalized to ODgg = 2, then spotted in six serial dilutions onto permissive (-Leu/-
Trp) and restrictive (-Leu/-Trp/-His) media. Growth was assessed after 3-5 days. Auto-activa-
tion was tested by co-transforming each pB27 fusion protein with an empty pP6 vector and
co-transforming each pP6 fusion protein with an empty pB27 vector and performing spot
assays for each strain as described above.

Bioinformatic analysis of protein features

Coiled-coil domains were predicted using DeepCoil2 using a probability cut-off of 0.5 [50].
Palmitoylation sites were predicted using CSS-Palm 4.0 using a score cut-off of 5 [49]. Myris-
toylation sites were predicted using GPS-Lipid using a score cut-off of 5 [48]. Alpha helices
and beta strands were predicted using PSIPRED using a cut-off of 5 and a minimum length of
4 amino acids for alpha helices or 3 amino acids for beta strands [57].

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012411  July 18, 2024

96



PLOS PATHOGENS

The T. gondiiIMC43-IMC32-BCCO essential daughter bud assembly complex

Supporting information

S1 Fig. The AID system does not provide a sufficient knockdown for analysis of BCC0
function. A) Diagram and IFA of BCCO*'™® parasites grown for 24 hours -/+ IAA showing that
BCCO0™ does not provide sufficient protein knockdown (arrow). Magenta = anti-HA detect-
ing BCC0*'™P, Green = anti-IMC6. B) Diagram and IFA of BCC0'*” parasites grown for 24
hours -/+ IAA showing that BCC0™47 does not provide sufficient protein knockdown
(arrow). Magenta = anti-HA detecting BCC0™47, Green = anti-IMC6. Scale bars = 2 um.
(TIF)

$2 Fig. Conservation and secondary structure predictions for BCCO0. The amino acid
sequence of BCCO (TGGT1_294860) was aligned to its N. caninum ortholog NCLIV_001740
using ClustalO 1.2.4. Predicted features are shown above their corresponding sequences.
Regions chosen for the deletion series are highlighted.

(PDF)

$3 Fig. Most BCCO deletion constructs localize normally. IFAs showing that all BCCO dele-
tions except for BCC0"7*'~#”7 (shown in Fig 4D) colocalize with endogenous BCCO™M4S,
Magenta = anti-HA detecting smHA-tagged BCCO deletion constructs, Green = anti-OLLAS
detecting endogenous BCCO™™ 45, Scale bars = 2 um.

(TIF)

$4 Fig. Validation of BCCO knockout for strains depicted in Fig 4. A) PCR verification for
genomic DNA of BCCO™ ™S (wild-type parent strain) and complemented AbccO parasites.
Diagram shows the binding location of primers used to amplify the BCCO coding sequencing
(blue arrows) and the site of recombination for the knockout (red arrows). The strain used in
each PCR verification is indicated on the left of each image. B) IFA of complemented Abcc0
parasites confirms loss of BCCO®™™S signal. Each IFA in panel B corresponds with the PCR
verification to the left of it in panel A. Magenta = anti-OLLAS, Green = anti-IMC6. Scale

bars = 2 um.

(TIF)

S5 Fig. ATc treatment is toxic to wild-type T. gondii. Quantification of plaque size for
RHAku80 parasites grown for seven days -/+ ATc. Statistical significance was determined
using a two-tailed t-test (*, P < 0.05).

(TIF)

$6 Fig. Localization and PCR verification for strains depicted in Fig 6. A) IFAs showing
that BCC0'7%%%°, BCC037°%°, BCC0°7°%°, and BCC07°***° all mislocalize. Magenta = anti-
HA detecting smHA-tagged BCCO deletion constructs, Green = anti-OLLAS detecting endog-
enous BCCO™OM45, Scale bars = 2 um. E) PCR verification for genomic DNA of comple-
mented Abcc0 parasites. Diagram indicates the binding location of primers used to amplify the
BCCO coding sequencing (blue arrows) and the site of recombination for the knockout (red
arrows). A control PCR verification performed on BCCO™ M4 (wild-type) parasites can be
seen in S4A Fig.

(TIF)

$1 Table. Full IMC32™"*°™® mass spectrometry results. Full list of genes identified by mass
spectrometry in the IMC32"420I experiment. Spectral counts are shown for each gene.
“Enrichment Diff” refers to the difference between the average spectral count in IMC32T*°IP
and control parasites. “Enrichment Fold” refers to the average spectral count for IMC32T*°!P
samples divided by the average spectral count for control samples. The second sheet labeled
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“Filtered Results” shows the 1,117 genes that were at least two-fold enriched with a difference
of at least five spectral counts.
(XLSX)

S2 Table. Full IMC32 Y2H screen results. Full list of binding interactions identified by the
Hybrigenics IMC32 Y2H screen. All clones identified for a specific gene are grouped. Clones
that were found to be out-of-frame or antisense are greyed out. Global PBS indicates the confi-
dence score assigned to each clone [44,45]. The second sheet labeled “Hits” shows the 15 genes
that were identified.

(XLSX)

$3 Table. Oligonucleotides used in this study.
(XLSX)

$4 Table. Raw data for quantification of western blot and plaque assays.
(XLSX)
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3.8 Supplemental Material
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Figure 3-S1. The AID system does not provide a sufficient knockdown for analysis of BCC0
function. A) Diagram and IFA of BCCO*P parasites grown for 24 hours -/+ IAA showing that
BCC0*Pdoes not provide sufficient protein knockdown (arrow). Magenta = anti-HA detecting
BCCO*P, Green = anti-IMC6. B) Diagram and IFA of BCC0"" parasites grown for 24 hours -/+
IAA showing that BCC0"" does not provide sufficient protein knockdown (arrow). Magenta = anti-

HA detecting BCC0"", Green = anti-IMC6. Scale bars = 2 ym.
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Figure 3-S2. Conservation and secondary structure predictions for BCC0. The amino acid
sequence of BCCO (TGGT1_294860) was aligned to its N. caninum ortholog NCLIV_001740
using ClustalO 1.2.4. Predicted features are shown above their corresponding sequences.

Regions chosen for the deletion series are highlighted.
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Figure 3-S3. Most BCCO deletion constructs localize normally. IFAs showing that all BCCO
deletions except for BCCO2"°"-#7" (shown in Fig 3-4D) colocalize with endogenous BCCOS™O-AS,
Magenta = anti-HA detecting smHA-tagged BCCO deletion constructs, Green = anti-OLLAS

detecting endogenous BCCO®™°AS Scale bars = 2 ym.
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Figure 3-S4. Validation of BCCO knockout for strains depicted in Fig 3-4. A) PCR verification
for genomic DNA of BCCOS™°"4S (wild-type parent strain) and complemented AbccO parasites.
Diagram shows the binding location of primers used to amplify the BCCO coding sequencing (blue
arrows) and the site of recombination for the knockout (red arrows). The strain used in each PCR
verification is indicated on the left of each image. B) IFA of complemented AbccO parasites
confirms loss of BCCOS™'AS signal. Each IFA in panel B corresponds with the PCR verification

to the left of it in panel A. Magenta = anti-OLLAS, Green = anti-IMC6. Scale bars = 2 ym.
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Figure 3-S5. ATc treatment is toxic to wild-type T. gondii. Quantification of plaque size for
RHAku80 parasites grown for seven days -/+ ATc. Statistical significance was determined using

a two-tailed t-test (*, P < 0.05).
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Figure 3-S6. Localization and PCR verification for strains depicted in Fig 3-6. A) IFAs
showing that BCCOQ'"%%%, BCC03¢%%° BCC0°"%%° and BCCO™*"** all mislocalize. Magenta =
anti-HA detecting smHA-tagged BCCO deletion constructs, Green = anti-OLLAS detecting
endogenous BCCO*™'AS. Scale bars = 2 ym. E) PCR verification for genomic DNA of
complemented AbccO parasites. Diagram indicates the binding location of primers used to amplify
the BCCO coding sequencing (blue arrows) and the site of recombination for the knockout (red
arrows). A control PCR verification performed on BCCO™°"AS (wild-type) parasites can be seen

in Fig 3-S4A.
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Table 3-S1. Full IMC32™™°P mass spectrometry results. Full list of genes identified by mass
spectrometry in the IMC32™™P experiment. Spectral counts are shown for each gene.
“Enrichment Diff” refers to the difference between the average spectral count in IMC32™°'C gnd
control parasites. “Enrichment Fold” refers to the average spectral count for IMC32T"°P samples
divided by the average spectral count for control samples. The second sheet labeled “Filtered
Results” shows the 1,117 genes that were at least two-fold enriched with a difference of at least
five spectral counts.

https://doi.org/10.1371/journal.ppat.1012411.s007

Table 3-S2. Full IMC32 Y2H screen results. Full list of binding interactions identified by the
Hybrigenics IMC32 Y2H screen. All clones identified for a specific gene are grouped. Clones that
were found to be out-of-frame or antisense are greyed out. Global PBS indicates the confidence
score assigned to each clone [44,45]. The second sheet labeled “Hits” shows the 15 genes that
were identified.

https://doi.org/10.1371/journal.ppat.1012411.s008

Table 3-S3. Oligonucleotides used in this study.

https://doi.org/10.1371/journal.ppat.1012411.s009

Table 3-S4. Raw data for quantification of western blot and plaque assays.

https://doi.org/10.1371/journal.ppat.1012411.s010
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https://doi.org/10.1371/journal.ppat.1012411.s010

Chapter 4:

Conclusions and Future Directions
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4.1 Conclusions

This dissertation reveals the existence of an essential daughter bud assembly complex in
T. gondii composed of the early daughter proteins IMC43, IMC32, and BCCO. It also identifies the
dynamically localizing daughter IMC protein IMC44. All four of these proteins are recruited during
bud initiation, the earliest stage of endodyogeny (Figure 4-1). We use conditional knockdown
approaches to demonstrate that loss of IMC43, IMC32, or BCCO results in lethal defects in IMC
morphology and dysregulation of endodyogeny. Using a combination of deletion analyses and
pairwise Y2H assays, we identify which domains of each protein are required for their localization
and function and dissect the binding interactions (Figure 3-8A). For IMC43, residues 1441-1561
near the C-terminus of the protein are required for the protein’s function, but not its localization.

This same region is also involved in binding to IMC32 at its C-terminal coiled-coil domains and

G1 Bud Initiation Bud Elongation Bud Constriction Bud Maturation
N

Maternal only:

AC7/8, ISP2/4, GAP45, MyoA, MLC1
ISP1/3 IAP2, ILP1 IMC7/12/14
IMC15 AC2/3/4/6 IMC3/5/6/8/9/13 AC11, IAP4/5
AC1/5/9/10 I1SC1-4/6, TSC5 IMC19/21/23/25 PHIL1 IMC17/18/20/22/24
Maternal + Daughter: FBXO1 MORN1 GAP40/50 BCC1/2/5/8-11 IMC1/4/10/11 IMC26-28, IMC37-42
—— ¢ $ —
>
Daughter only: Rab11b IAP3 AC12/13
IMC29/33/44 IMC16/30/31/34-36

BCC3/4

.
essential bud assembly complex

Figure 4-1. Updated timeline of the sequential recruitment of IMC proteins during endodyogeny.
Timeline showing the sequential recruitment of proteins to the developing daughter cell scaffold, updated
to reflect the new data reported in this dissertation. Each node represents the approximate point at which
each listed protein is recruited relative to the stages of endodyogeny shown above. Newly identified protein
IMC44 is bold. The newly identified IMC43/IMC32/BCCO essential daughter bud assembly complex is
highlighted in blue. Diagram is adapted from Gubbels et al. 2020.
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controls IMC32’s localization after budding has been initiated. Interestingly, the same domain was
also found to bind to IMC44 and control its localization to the body of the daughter IMC. For BCCO,
residues 701-877 are required for both localization and function, which is dependent on binding
to IMC32’s C-terminal coiled-coil domains at this region. Our previous work on IMC32 just prior
to the start of this dissertation demonstrated that IMC32’s localization and function depend on
both its predicted N-terminal palmitoylation site and its C-terminal coiled-coil domains [1].

By combining these data, we constructed a model for how the essential daughter bud
assembly complex is formed (Figure 3-8B). The expression of IMC proteins is tightly
transcriptionally regulated in a “just-in-time” manner. For all three components of the complex,
expression levels are at their lowest during G1 and then peak during S-phase just before bud
initiation, at which point an increased cytoplasmic signal is visible by IFA. During this stage, BCCO
likely binds to IMC32. Once budding is initiated, all three components are immediately recruited
to the duplicated centrosomes where they form the early daughter cell scaffold. IMC43 is recruited
during bud initiation independently of IMC32 and BCCO, possibly by binding to another
unidentified complex component. At this stage, IMC43 appears in a small ring. The IMC32-BCCO
subcomplex is likely recruited by palmitoylation of IMC32 and may be secondarily supported by
palmitoylation and/or myristoylation of BCCO, although it is not required. At this stage, IMC32 and
BCCO both appear in five distinct puncta which are arranged symmetrically around the slightly
smaller IMC43 ring. Since IMC32’s localization is not dependent on IMC43 at this stage, it is likely
that these two proteins only directly interact once bud elongation has begun. Binding of IMC43 to
the IMC32-BCCO subcomplex during bud elongation is required for the maintenance of both
IMC32 and BCCQO’s organization into five longitudinal stripes on the body of the daughter IMC,
indicating that palmitoylation alone is not sufficient to maintain IMC32’s association with the alveoli
throughout endodyogeny. This suggests that IMC43-IMC32 binding securely locks IMC32 (and

therefore also BCCO, which remains bound to IMC32) into the daughter cell scaffold.
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4.2 Future Directions

This dissertation expanded our understanding of how the early daughter IMC is formed
and opened several interesting questions that should be explored in future studies. One of these
questions regards the conservation of the essential daughter bud assembly complex in other
apicomplexan parasites. While IMC32 is conserved across the phylum, BCCO is restricted to the
family Sarcocystidae (excluding Sarcocystis spp.) and IMCA43 is restricted even further to only
species within the genera Neospora, Hammondia, and Besnoitia [1,2]. The P. falciparum ortholog
of IMC32 is predicted to be essential in the asexual blood stage [3]. It is therefore curious that
IMC43, which is required for the localization of IMC32, is not present in these parasites. It is
possible that other apicomplexans do contain an ortholog of IMC43, but it has diverged enough
to be unrecognizable by sequence homology. Supporting this, the sequence of IMC32 is highly
divergent despite having significant structural homology to Plasmodium IMC32 [4,5]. The
presence of small proteins in Sarcocystis neurona and Cystoisospora suis which both have
significant homology to the essential interaction domain of IMC43 further supports this hypothesis.
However, it is also possible that IMC32 evolved to localize independently in other parasites, or
that it relies on binding to a different partner. Studies on the function of IMC32 in P. falciparum or
other apicomplexan parasites will be needed to answer this question.

Another open question is the functional significance of the five-fold symmetry of IMC32
and BCCO on the daughter cell scaffold. While it has been suggested that the five stripes of BCCO
correspond to the longitudinal IMC sutures, BCCO has never been colocalized with an IMC
sutures protein and thus this claim is not definitive [6]. In our previous work, we visualized IMC32
alongside the suture marker ISC6 and did not observe a clear colocalization between the two
proteins [1]. However, an important caveat to note is that ISC6 is present on the maternal IMC
sutures as well, which makes it difficult to visualize the daughter IMC sutures. We also assessed

this using widefield fluorescence microscopy, which has limited resolution. In future studies,
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IMC32 and BCCO should be compared to a daughter-specific IMC sutures marker such as BCC3
or DHHC14, and a higher resolution technique such as ultrastructure expansion microscopy (U-
ExM) and/or super-resolution microscopy should be used to assess their colocalization.

An important clue towards the relevance of the five IMC32/BCCO puncta was uncovered
in the last year as it was reported that the 22 subpellicular microtubules are initially formed in five
bundles during bud initiation in a 4 + 4 + 4 + 4 + 6 configuration [7,8]. These studies demonstrated
that the conoid initially appears as a small arc with just a few microtubules extending from it. This
arc then extends and closes into a circle, with additional microtubules being nucleated as the
conoid arc grows. Since the symmetry of the subpellicular microtubule bundles matches that of
the IMC32/BCCO puncta, it is possible that one lays the foundation for the other. We previously
demonstrated that loss of IMC32 does not prevent formation of the conoid or SPMTs [1]. However,
it could be possible that the five microtubule bundles serve as a docking site for vesicles
transported from the Golgi by Rab11b, thus bringing the membrane-associated IMC32-BCCO
subcomplex to the daughter cell scaffold [9]. Visualization of IMC32 and BCCO alongside the
tubulin structures of the early daughter cell scaffold by U-ExM would help determine which of
these structures appears first during bud initiation. It would also be informative to observe how
IMC32 and BCCO are affected by disrupting formation of the subpellicular microtubules either
through conditional knockdown of tubulin or treatment with the microtubule depolymerizing drug
oryzalin [10,11].

Another open question is how IMC43, IMC32, and BCCO are regulated, both individually
and as a complex. Each of these proteins is transcriptionally upregulated during S-phase, but the
mechanism by which this occurs is unclear. The transcription factor AP2IX-5 has been shown to
be critical for the proper assembly of the daughter IMC during endodyogeny and was additionally
found to bind to and activate the promoters for hundreds of genes involved in budding, including

ISP1 and IMC29 [12,13]. The transcriptional repressor AP2XII-2, on the other hand, has been

117



shown to regulate the cell’s progression through S-phase [14]. Therefore, AP2IX-5 or AP2XII-2
seemed to be potential candidates for transcriptional regulation of IMC43, IMC32, and BCCO.
However, despite the fact that both AP21X-5 and AP2XII-2 were found to bind to the promoters of
IMC43 and BCCO, neither protein was differentially expressed in response to depletion of these
transcription factors [12,15]. Exploration into the many uncharacterized ApiAP2 transcription
factors in the future may reveal how transcriptional control of these genes is achieved.

In addition to transcriptional regulation, regulation at the protein level via post-translational
modifications is likely to play an important role in the function of these proteins. IMC32 contains
a single predicted palmitoylation site which we showed is essential for its localization and function.
In T. gondii, two palmitoyl acyltransferases (PATs) have been localized to the IMC: DHHC2 and
DHHC14 [16]. While DHHC2 is present in both the maternal and daughter IMC, DHHC14 is
restricted to the IMC sutures of daughter buds. Transcriptional knockdown of either of these PATs
was demonstrated to cause severe defects in IMC morphology. It would be interesting to
determine which of these is directly involved in palmitoylating IMC32, as PATs are potentially
druggable targets [17]. Another potential means of post-translational regulation is phosphorylation
or dephosphorylation. Phosphorylation sites have been identified on IMC43, IMC32, and BCCO
[18]. In addition, in Chapter 2 we identified three kinases (SRPK, CDPK7, and Ark3) and one
phosphatase (PPKL) as candidate IMC43 binding partners, further supporting the hypothesis that
phosphorylation is used to regulate the essential daughter bud assembly complex. While SRPK
has not been studied, its phenotype score suggests it’s likely to be essential [19]. Likewise, Ark3,
CDPK7, and PPKL have all been shown to play important roles in endodyogeny [20-22]. It is
possible that these proteins bind to and modify IMC43 itself, or that IMC43 binding recruits them
to the daughter cell scaffold where they act on IMC32, BCCO, or other proteins. Assessing how
loss of these proteins affects the components of the essential daughter bud assembly complex

(and vice versa) will be an interesting topic of future studies.
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Finally, a broader question that warrants investigation is how these and other daughter-
specific IMC proteins are removed from the IMC upon bud maturation. A likely mechanism for this
would be via the ubiquitin-proteasome system. A study on the ubiquitin proteome of T. gondii
demonstrated that it encodes many predicted E3 ligases and deubiquitinases and that many
ubiquitinated proteins are cell-cycle regulated [23]. While IMC43, IMC32, and BCCO were not
identified in this study, IMC44 was, suggesting a possible mechanism for the release of IMC44
from the body of the IMC during bud constriction. Recently, the putative E3 ligase CSAR1 was
shown to be responsible for degradation of the maternal cytoskeleton inside the residual body
after bud maturation [24]. However, it was shown to be excluded from daughter buds and thus is
unlikely to be involved in the removal of daughter IMC proteins. Better candidates may be the
deubiquitinase OTUD3A and the F-box protein FBXO1, both of which have been shown to localize
to the daughter IMC and cause serious defects in endodyogeny [25,26]. It would be interesting to
assess how loss of either OTUD3A or FBXO1 affects the localization of daughter-specific IMC
proteins throughout endodyogeny.

Overall, the detailed investigation of the daughter IMC proteins IMC43, IMC32, BCCO, and
IMC44 in this dissertation significantly advances our understanding of the early stages of
endodyogeny in T. gondii. This work not only provides valuable insights into the molecular basis
of daughter bud assembly but also identifies opportunities for future research into the function,

regulation, and evolution of these critical proteins in T. gondii and other apicomplexan parasites.
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